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ABSTRACT 
Organic electronics is a new and rapidly developing branch of electronics which 
has great potential to replace the current common inorganic counterparts in different 
application areas (e.g. flat panel display, transistor and solar cell) due to the 
advantages of organic materials such as low cost, flexible and easy fabrication etc. 
Understanding the electrical properties of organic semiconductors is of vital 
importance for improving the performance of organic electronic devices. This thesis 
focuses on the electrical properties of small molecule organic-semiconductors. Charge 
transport properties in diodes with a configuration of metal / organic semiconductor / 
metal are studied by various electrical characterization techniques. 
For diodes with single organic layer (single-organic-layer device), it is shown 
that the current conduction in MTDATA and NPB is space-charge-limited with 
Poole-Frenkel field-dependent mobility. Modulation of space charge is observed in 
both MTDATA and NPB single-organic-layer device which give capacitance 
minimum in their C-f characteristics obtained by admittance spectroscopy. Hole 
mobilities in both organic materials are extracted from the C-f data. Under different dc 
bias, the C-f curves of both MTDATA and NPB show similar bias-dependent behavior 
in the low frequency region which is due to a bias-dependent electron contribution. 
Double-organic-layer diodes with two organic layers sandwiched between two 
metal electrodes are also investigated. For diode with two different p-type organic 
layers, the current conduction is space-charge-limited with field-dependent mobility. 
The organic heterojunction is found to cause a voltage-dependent dispersive transport. 
The origin of such dispersive transport can be explained by the energy barrier height 
and occupancy of states at the heterojunction interface. The degree of dispersion is 
also found to be related to the relative position of the heterojunction in the device. 
Double-layer diode with -one p-type and one n-type organic layer (which is 
basically an OLED) is fabricated and studied too. Frequency-dependent capacitance 
{C-f) study shows that there exists space charge transit time effect in the device- Both 
electron and hole mobility are extracted simultaneously and are found to follow the 
Poole-Frenkel field-dependent rule. The relative position of electron-hole 
recombination in the device is shown to be related to the dropping of capacitance in 
the low frequency region of its C-f curve which can be explained by a total transit 
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Since the discovery of organic light-emitting diodes (OLEDs) in the 1980s, there 
were tremendous researches focusing on organic semiconductors [1], The use of 
organic materials for electronic devices attracts much interest because of their low 
cost, relatively easier fabrication compare to their inorganic counterparts, low power 
consumption, mechanical flexibility and applications in large area display [2 - 5]. The 
most advanced achievement reached in the area of organic electronics is the 
development of OLED, which has already been commercialized in the market, for 
example, mobile phone, camera displays and small flat panel displays. 
XEL-1 
Figure 1.1 SONY industry's first Organic Light Emitting Diode (OLED) 
television in the United States [6] 
Besides OLEDs, other organic electronic devices such as organic photovoltaics 
and organic field - effect transistors etc. have also attracted much attention. More and 
more research groups work on these areas and have realized many considerable 
achievements. 
Chapter 1 Introduction 
1.1 Organic light-emitting-diode (OLED) 
In 1987，Tang and VanSlyke reported the first high efficiency OLED which used 
Alq3 as the emitting material [1]. The device consisted of a double-layer structure as 
shown in Figure 1.2，with the aromatic diamine as the hole transporting layer while 
Alqs as the electron transporting and emitting layer. It could achieve high brightness 
(1000 cd/m^) with applied bias less than lOV and at the same time giving attractive 





Figure 1.2 Configuration of electro-luminance cell and molecular structures [1]. 
Since the reported OLED by Tang et al., extensive research has been conducted 
to optimize the device performance of OLEDs. In general, an OLED consists of an 
emissive layer which responsible for emitting light, sandwiched between anode and 
cathode. It was later found that OLED with a multi-layer structure, as shown in Figure 
1.3，can achieve much better device performance [7，18]. The insertion of different 
layers such as hole/electron-injection layer (HIL/EIL) [8], hole/electron transporting 
layer (HTL/ETL) [9] and hole/electron blocking layer [10] is shown by different 
groups to give a significant enhancement of device performance like reduced driving 
voltage, higher brightness, larger external quantum efficiency and longer lifetime etc. 
Multi-layer structure is now become a common practice in designing OLED devices. 
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Figure 1.3 OLEDs with multi-layer structure by (a) Savvate'ev et al. [7] and (b) 
Bhansali et al. [18] respectively. 
Besides, there are in fact many efforts made in different areas and aspects in 
order to improve the performance of OLEDs. Recently, Dinh et al. reported the 
enhancement of current-voltage (I-V) characteristics of multilayer OLED by using 
nano-structured composite films [11]. The composite films include the HTL which 
was prepared by spin-coating a homogenous solution of surfactant-capped TiO: 
nano-crystals and PEDOT-PSS, and the emitting layer (EL) which was made of 
nano-crystalline Ti02-embedded MEH-PPV conjugate polymers. From the device I-V 
analysis, it is found that the rougher cathode injection interface caused by the 
presence of nano-composites would lead to a more efficient charge injection at the 
cathode. Also, due to the nano-crystalline TiO: particles embedded in MEH-PPV, 
electrons are able to move faster in the EL and thus the intrinsic resistance of the 
OLED is lowered. As a result, there would be an enhancement of carriers injection 
and transport in the polymer composites and the electroluminescence quantum 
efficiency is roughly estimated to be improved by a factor exceeding 10 [11]. 
On the other hand, charge injection contact is also an important concern when 
designing high performance OLED. Recently, Zhang et al. showed that hole injection 
in OLED devices could be improved by using Fe304 as a buffer layer on indium tin 
oxide (ITO) [12]. The luminance and current density are significantly enhanced by 
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using FeaOVITO anode. The enhancement is attributed to the modification of the ITO 
surface and reduced hole-injection barrier due to the insertion of a thin film of Fe304 
between ITO and the HTL. 
Furthermore, charge separation and transport behavior at organic heterolayered 
interface has also attracted considerable attention. Sakanoue et al. demonstrated that a 
2D charge sheet of electron-hole pairs could be induced due to the formation of 
charge-transfer complexes at the heterointerface [13]. The resulting induced charges 
could be separated by applying electric field perpendicular to the heterointerface, as 
shown in Figure 1.4. It was found that the charge-separation behavior was 
independent of the work function of contact electrodes but strongly dependent on the 
energy level alignment between the LUMO of the acceptor molecules and the HOMO 
of the donor molecules. Such charge-separation behavior opens an opportunity to the 
preparation of OLED device without hole injection from the anode. 
FtfCti^ 
: 丄 : m ^ ^ ^ 
；ooAcoGoooeoo-oeoo 
• 
Figure 1.4 Schematic illustration of the sandwich-type device by Sakanoue et al. 
Charges are separated to the opposite side when a voltage perpendicular to the 
interface is applied [13]. 
In recent years, white OLEDs (WOLEDs) have become an attractive research 
topic due to its high potential as a solid state lighting source in the future. One 
effective way to obtain high efficiency in OLEDs is to use phosphorescent OLED 
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(PHOLED) because it utilizes both singlet and triplet excitons. Lee et al lately 
reported a significant enhancement and a reduced efficiency roll-off (the decrease in 
efficiency with increasing current [14 - 16]) in blue and white PHOLED base on a 
mixed host structure [17]. In their devices, the combination of a hole-transport-type 
host and an electron-transport-type host as mixed host emissive layer resulted in 
increased device current densities and reduced driving voltages. The enhancement can 
be explained by efficient hole injection and transport through the hole-transport-type 
host in the mixed host. Besides, Bhansali et al. have also demonstrated a WOLED 
fabricated using simplified fluorescent/phosphorescent dopant model with only one 
broad-band yellow phosphor instead of two different green and red phosphors [18]. 
The WOLED based on such color mixing of a single wide-band yellow phosphor and 
an organic fluorophore showed striking stability of efficiency and color: the power 
and luminous efficiencies, CRJ and external quantum yield at the operational 
condition of about lOOOcd/m^ are at 94%, 123%, 95% and 110% of their 
corresponding highest values at low brightness near the tum-on voltage. 
1.2 Organic photovoltaics 
Over the last decade, organic photovoltaics have received broad interest owing to 
their important role in generating a clean, cheap and sustainable source of energy. The 
current solar technologies are dominated by single junction solar cells based on 
crystalline silicon which are assembled into large area modules. However, these 
inorganic photovoltaic cells require high temperature processing and thus have limited 
the range of substrates on which they are deposited. Their organic counterparts, on the 
other hand, require low temperature processing which help a lot to cut energy usage 
during manufacturing. Other advantages of organic photovoltaics over inorganic 
include the possibility to use flexible plastic substrates that help to reduce cost, easier 
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fabrication, highly flexible form factors, light weight and large area applications. It is 
all these factors lead to a widespread interest in organic photovoltaics in both research 
and industrial sectors. 
The study of organic photovoltaic cells can be traced back to 1960s [19]. Since 
then, there were many advances in this area. Until 1986, Tang reported an organic 
photovoltaic cell based on single heterojunction with power conversion efficiency of 
about 1% [20]. This result represented a tipping point in efficiency of organic 
photovoltaics. 
The power generation by a photovoltaic cell is basically a process to convert 
light energy into electrical energy. A typical structure of an organic photovoltaic 
device is shown in Figure 1.5(a). It consists of a transparent electrode (e.g. ITO), two 
organic light-absorbing layers and a second electrode (e.g. Ag). The two organic 
layers are different organic materials, with one having electron-donor (D) character 
while the other electron-acceptor (A). The D material has a low ionization energy 
(with a high-lying HOMO) and the A material has a high electron affinity (with a 
low-lying UMO). A comparison of the energy level diagrams and power generation 
for inorganic and organic solar cells is shown in Figure 1.5 (b). A key difference of 
organic photovoltaic cells compared to inorganic is the formation of bound charges 
instead of free charges. Upon the absorption of a photon in organic materials, an 
exciton (a bound electron-hole pair) is formed which has typically a large binding 
energy. This binding energy is approximately twenty times larger than the thermal 
energy at room temperature and thus there will not be free electron and hole carriers 
generated in organic materials [21]. Therefore, in order to generate current, the 
excitons must first dissociate. Excitons dissociation occurs at the donor/acceptor 
heterojunction. The holes and electrons created at the heterojunction are then 
transported through D and A layers, respectively, and collected at the two electrodes, 
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constituting the current in the external circuit. 
(a) 
Acc«|>ior(A> 
Figure 1.5 (a) A typical structure of an organic photovoltaic device, (b) A comparison 
of the energy level diagrams and power generation for inorganic and organic solar 
cells. 
There are different challenges in organic photovoltaics. One of them is the 
requirement of rapid diffusion of excitons to the D/A heterojunction for dissociation 
before they decay to the ground state. To achieve this, the thickness of the organic 
layers has to be comparable to the exciton diffusion length L. However, if the L values 
of the organic semiconductors are small, the thicknesses of the organic layers have 
then to be thin and as a result there will be inefficient absorption of incident light. In 
order to solve this limitation, devices with so-called "bulk heterojunction" are 
designed. In such devices, the A and D components are mixed together to form an 
interpenetrating, phase-separated network D:A with a nanoscale morphology as 
shown in Figure 1.6. Bulk heterojunction can be made by co-deposition of two 
different molecular materials [22 - 26] or by blending two materials in a solution [27, 
28] (Figure 1.6 (b)). The bulk heterojunction in such devices is distributed throughout 
the bulk of the composite film, increasing the efficiency of exciton dissociation by 
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expanding the dissociation region and leaving holes and electrons in the D and A 
component of the phase-separated network respectively. Therefore, the performance 
of bulk heterojunction device depends critically on the microstructure of the mixed 
film. For example, co-deposition may not produce the ideal structure but lead to a 
structure with isolated phases of material, preventing efficient charge collection [29]. 
Another challenge is the balancing of the absorption required for photocurrent 
generation with the reduced charge transport properties of the mixed layer. It was 
found by space charge limited current mobility measurements that mixed layers were 
characterized by lower charge carrier mobilities than the neat films [29]. More and 
more groups have worked on the optimization of the performance of bulk 
heterojunction organic photovoltaics owe to its potential to high efficiency device. 
Recently, Pfuetzner et al. showed an improved bulk heterojunction organic 
photovoltaic cell employing C70 fullerenes [37]. In their device, they replaced 
fullerene Ceo by C70 as the electron transporter and acceptor (A) component. The C70 
showed higher absorption which leads to higher external quantum efficiencies over 
50% in the spectral range of 500 to 700nm. An efficiency of 2.87% can be achieved 
by proper energy level alignment to the hole transport layers, optimization of the 
absorption and the ratio of C7o:ZnPc. This represents a substantial enhancement 
compared with an identical cell using Ceo- Such efficiency improvement is attributed 
to a higher photocurrent due to the employment of C70 instead of Ceo-
BiJK Ketftroftinc^ 
Figure 1.6 (a) Geometry of a multilayer structure in which a mixed interlayer D:A is 
sandwiched between D and A layers, (b) Geometry of a bulk heterojunction [21]. 
Beside bulk heteroj unction device, organic photovoltaic cells with tandem 
structure are also common which can ensure high absorption efficiency while keeping 
the thickness of D and A layers close to L [30]. In this type of organic photovoltaic 
cell, it consists of a series connection of a number of D-A heteroj unctions with a 
charge recombination zone (CRZ) separating each subcell (as shown in Figure 1.7). 
Such stacked device can achieve better absorption and result in an increase in 
open-circuit voltage. Due to these potential advantages, intensive researches have 






Figure 1.7 Schematic of a tandem organic photovoltaic (PV) cell. The donor (D) layer 
and acceptor (A) layer of each device (PVl and PV2) are labeled, as is the charge 
recombination zone (CRZ) between PVl and PV2. The schematic shows a 
-9-
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1.3 Organic field-effect transistor 
Beside OLED and organic photovoltaics, organic field-effect transistor (FET) is 
also a popular organic electronics research area. Organic FETs are both scientifically 
and technologically popular because they can be used as a major component in 
flexible electronic circuits with low cost. Their main possible application areas are 
flexible display and radio-frequency identification cards or tags. 
A schematic structure of a typical organic FET is shown in Figure 1.8 (a). It 
consists of a gate electrode which is separated from the organic semiconductor layer 
by the insulating gate dielectric. There are also the source and drain electrodes for 
current injection into the organic layer. L is the channel length which is equal to the 
-10-
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representation of current generation, where dissociation of excitons at the DA 
interfaces leads to a hole in PVl and electron in PV2 which contribute to photocurrent. 
The excess electron in PVl and hole in PV2 recombine at the CRZ to prevent cell 
charging [36]. 
Table 1.1 Selected examples of device parameters for organic photovoltaics measured 
under the standard global spectrum (AM 1.5G, lOOmW cm" )^ adapted from reference 
[21]. 
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distance between the source and drain eiecirode; while W is channel width. The gate 
electrode is usually a metal or conducting polymer, but it is more common to use 
highly doped silicon as both the substrate and gate electrode. The gate dielectric can 
be inorganic insulators such as SiC^，AI2O3 and SisN*，or polymer insulators like 
PMMA or PVR The organic layer is usually vacuum deposited small molecules or 
spin-coated polymer organic semiconductors. The source and drain electrodes are 
high work function metals such as gold and silver, but conducting polymer like 
PEDOT:PSS can be used too. 
L , 
Figure 1.8 Schematic structure of a field-effect transistor and applied voltages: L = 
channel length; W = channel width; Fd = drain voltage; Kg = gate voltage; Fxh = 
threshold voltage; h = drain current, (b) 一（d) Illustrations of operating regimes of 
field-effect transistors [38]. 
The basic operation principle of organic FET is actually similar to that of 
inorganic and is illustrated in Figure 1.8 (b) - (d). When the potential difference 
between the drain and source (Fds) is zero and positive gate voltage (Fg) is applied, the 
11 
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positive Fg will then induce the accumulation of electrons at the 
insulator/semiconductor interface. For negative Fg, positive holes will accumulate 
instead. However, due to the presence of traps which have to be filled before the 
induced charges can move freely, the applied gate voltage has to be larger than a 
threshold voltage Kih so that the effective gate voltage is Vg - Vn. When no or small 
Fds is applied, the charge carrier density in the channel can be regarded as uniform. In 
this bias region, current flowing through the channel is directly proportional to Fds 
(Figure 1.8 (b)). When Fds is increased to a value Fds =厂g - Vn, the channel is then 
'pinched of f ' (Figure 1.8(c)). A depletion region will then form next to the drain and a 
space-charge-limited saturation current will flow across this region, carriers are swept 
from the pinch-off point to the drain by the high field in the depletion region. Further 
increase in Vds will not substantially increase the current and the current saturates at a 
level Ids, sat (Figure 1.8(d)). 
One of the major research focus in organic FET is to achieve high channel carrier 
mobility. There have been many efforts working on different organic semiconductors 
in order to achieve high mobility. Compared with polymer, small molecules FETs 
have in general higher mobility; but it must be vacuum evaporated and thus is less 
technologically practical than polymer which uses solution processing, such as 
spin-coating. Various soluble pentacene derivatives with additional functional groups 
were reported to show hole mobilities as high as 0.17 - 1 cmV'^S'^ [39 一 42]. 
Solution processable polymers such as conjugated P3HT for p-channel transistors 
have also shown enhanced mobility and stability under ambient conditions [43 - 44]. 
Nevertheless, the highest mobilities and most intrinsic charge transport properties are 
observed in single crystals. Organic single crystals can be obtained through 
sublimation or grown in solution. Due to its high mobility, low density of impurity 
and traps, absence of grain boundaries and disordered lattice, single crystal 
- 1 2 -
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field-effect transistors were studied extensively in recent years [45 - 4Sj. 
The properties of the interface between the gate dielectric and the organic 
semiconductor are also found to play an important role in deterrninmg the device 
characteristics such as mobility, threshold voltage etc. Many groups have investigated 
the effect of surface treatments of Si02 on the performance of organic FETs [49 - 50]. 
Other possible gate dielectric materials such as metal oxides [51 - 52] and insulating 
polymers [53 - 54] are also investigated. Recently, J. Gao and J.B. Xu et al. 
demonstrated an insulating dielectric layer with controllable surface energy for 
organic FETs by blending insulating polymers [55]. They evaporated CuPc on layers 
of polymethyl metacrylate blended with polystyrene with different blending ratios and 
measured the highest field-effect mobility for identical surface energies of the 
dielectric and the semiconductor. This simple technique shows the possibility to 
achieve better performance by using the blends of insulating polymers to 
systematically control the surface energy of the gate dielectric. 
In order to develop organic electronic circuits, logical elements are needed. The 
most basic component is voltage inverter which consists of a p- and an n-channel 
transistor. Although it is possible to build an inverter with only one type of transistor 
(e.g. p-channel), it is more advantageous to use complementary design for logic 
elements and thus the fabrication of n-channel FET becomes necessary. For instance, 
the majority of organic FETs are p-channel. N-channel FETs are not common due to a 
number of reasons. First, it is difficult to achieve efficient electron injection into the 
LUMO from a suitable electrode. Unlike HOMO, LUMO of organic materials is 
usually high (around 2-3eV), one needs to use low work function metals for reducing 
the injection barrier. However, low work function metals such as calcium, magnesium 
or aluminum are not stable so that the stability of the fabricated FETs are rather low. 
Another challenge is the susceptibility of organic materials to oxygen and water 
-13-
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under ambient conditions. Chemical active organic radical anions in the channel can 
react readily with oxygen and water [56]，therefore many n-channel FETs can only 
operate under conditions that excluding oxygen and water which is not 
technologically practical. 
In order to tackle these challenges and fabricate n-channel FETs that can operate 
under the same ambient conditions as p-channel FETs, many new organic materials 
have been synthesized. It is found that by increasing the electron affinity of a material, 
its LUMO level can be lowered so that it can align with the work function of common 
low work function metal (e.g. gold) for more efficient injection of electrons and 
obtain more stable metal electrode. At the same time, increased electron affinity can 
also improve the environmental stability (i.e. sensitivity to water and oxygen) of an 
organic semiconductor. Materials with high electron affinity can be synthesized by 
adding strong electron withdrawing groups such as fluorine and cyano to known 
semiconducting core molecules. Fullerenes and their derivatives like Ceo and PCBM 
have shown exceptionally high electron affinity and can be used to fabricate 
n-channel FETs with very high electron mobility [57 - 58]. Besides, in order to 
exclude the diffusion of water and oxygen into the channel region, a kinetic barrier is 
needed. This can be achieved by making molecules to pack closer, as was 
demonstrated by fluorinated copper phthalocyanine [59]. There were also some 
n-channel FETs which have demonstrated good stability under ambient operation 
conditions, such as transistors based on FCuPc [59], PDI-8CN2 [60] and DHF-6T 
[61]. 
14 
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1.4 Motivation and thesis outline 
As can be seen from the overview of organic electronics above, technological 
advances are based on the understanding of intrinsic electrical properties of organic 
materials. Among them, the charge transport properties and charge injection process 
are the two key factors which determine the performance of devices [133]. With good 
understanding about these two properties of different materials, we could then design 
and fabricate devices with high performance. The carrier mobility is an important 
microscopic parameter which could reveal the charge transport properties of materials. 
Therefore the measurement of carrier mobility in different materials could then 
provide useful information for the evaluation of charge transport process in different 
devices and thus help the optimization of device performance. 
In this thesis, the charge carrier transport properties and charge injection of 
organic two-terminal diodes with a structure of metal / organic semiconductor / metal 
were investigated and studied using various characterization methods. We use four 
different characterization techniques, namely, current density-voltage {J-V) 
measurement, dark-injection space-charge-limited (DI-SCL) transient current 
measurement, temperature varied J-V measurement and admittance spectroscopy, to 
give a conclusive and detail study of organic diodes with different organic material 
system. Chapter 2 presents a general overview of properties of organic 
semiconductors, including charge transport properties and charge carrier injection 
process. Chapter 3 describes devices fabrication process and several basic principles 
of the characterization techniques used in this project. Chapter 4 reports experimental 
studies of charge transport and charge injection properties of devices with single 
organic layers. Charge transport process, mobility, negative capacitance and trapping 
properties of different organic materials were investigated. Chapter 5 presents the 
experimental studies of transport properties of double-layer device which has a 
-15-
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configuration of metal / organic layer I / organic layer K / metal. Since the most up to 
date organic devices consist of multi-layer structore, Ae effect of organic 
heterojunction interface on charge transport properties will be important to the 
optimization of device performance. Effect of charge accumulation and recombination 
at organic heterojucntion interface on the charge transport properties of a device 
would be discussed in the chapter. Chapter 6 presents conclusions and possible future 
work of this thesis. 
16 
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Properties of organic semiconductor 
2.1 Organic semiconductors 
Organic semiconductors are defined as materials which compose of carbon 
atoms and possess semiconducting properties. They could be basically divided into 
two types: small molecules and polymers. Small molecules organic materials have 
relatively smaller chemical molecular structures, for example Alqs, MTDATA and 
NPB, as shown in Figure 2.1(a). Devices made of small molecules are usually 
fabricated by vacuum thermal evaporation, vapor-phase deposition or sometimes 
spin-coating when preparing blend films [62]. On the other hand, polymers are large 
long-chained molecules compose of large number of repeating units, for example, 
PPV and MEH-PPV, as shown in Figure 2.1(b), Thin films of polymers are mainly 






Figure 2.1 Typical organic semiconductors (a) small molecules (b) polymers 
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The films formed by small molecules and polymers are usually amorphous or 
polycrystalline. With some special techniques, small molecule single crystals can be 
made for device applications [64]. For polymers, it is very difficult to form single 
crystals. In fact, in polymer thin films, the long-chained molecules entwined with each 
other to give a spaghetti-liked lattice. This structure can give polymer films better 
mechanical strength than small molecules. 
2.2 Electronic structure of organic semiconductors 
In organic semiconductors, carbon atoms are in a sp^-p hybridization. The 3 sp2 
hybridized bonds of each carbon atom form strong covalent bond (a-bond) with the 
adjacent atoms with high excitation energies. The remaining p-orbitals of the adjacent 
atoms, which are perpendicular to the plane, interact and form relatively weaker 
7i-bonds which have much lower energy. It is actually these 7c-bonds that contain 
delocalized electrons and give rise to the electronic properties of organic materials. 
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Figure 2.2 Molecular structure and bonding a conjugated organic molecule 
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If more carbon atoms come together, similar to the case of inorganic 
semiconductor like silicon, energy levels (ji-orbitals) splitting would occur and 
eventually two energy bands form. The highest n orbital that is occupied by electron is 
called the Highest Occupied Molecular Orbital (HOMO), while the lowest one that is 
unoccupied by electron is called the Lowest Unoccupied Molecular Orbital (LUMO). 
HOMO and LUMO are, in some sense, analogizing the valence and conduction bands 
in inorganic semiconductors. However unlike inorganic semiconductor which has 
strong covalent bonding and thus valence and conduction bands are considered as 
continuous, HOMO and LUMO in organic semiconductors consist of many discrete 
energy levels and charge carrier transport is in a hopping process between localized 
sites. 
2.3 Disorder and traps in organic semiconductors 
Unlike inorganic semiconductors like silicon or gallium arsenide which can form 
single crystals, organic films are usually amorphous and thus are disordered. The 
disorder is mainly due to misalignment of molecular packing, chemical, physical or 
electronic defects in the films. Defects will become traps in the films, affecting the 
device performance. In the case of OLED, traps will act as non-radiative 
recombination centers or trap sites of charge carriers so that the efficiency will be 
lowered. In organic transistors, traps will trap charge carriers and thus reduce the 
current density and mobility of charge carriers. In organic solid films, both HOMO 
and LUMO have Gaussian distribution of Density Of State (DOS) [65, 66] (see Figure 
2.3). The centers of Gaussian DOS of HOMO and LUMO are acting as the common 
transport sites for charge carriers. The tails of the DOS distributions represent trap 
distribution in the energy gap. The discrete energy trap levels within the gap are due 
to the defects or impurities in the films. 
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Figure 2.3 A complete picture of the deep site trapping model proposed by A. 
Campbell et. al [65] 
2.4 Charge carriers transport in organic semiconductors 
In inorganic semiconductors, atoms are bonded together by strong covalent 
interaction to form ordered structure. The valence and conduction bands are 
considered as continuous so that charge carriers can move freely within the bands for 
charge transport. However the same picture can not apply to organic materials. 
For organic semiconductors, intermolecular attraction is predominantly the 
relatively weaker van der Waals force. As a result, the energy bands of HOMO and 
LUMO are not continuous as the valence and conduction bands in inorganic case. 
Instead, they consist of numerous discrete energy levels so that charge transport 
through HOMO and LUMO is in a thermally activated hopping manner between 
localized states. It is widely accepted that the distribution of the localized states is a 
Gaussian type with cr � O . l e V [67，68]. 
By considering applied electric field, polarizability, distance between sites, 
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energies involved in transport etc, models have been established to describe the 
hopping transport in organic semiconductors, such as the polaron model [69], the 
Scher-Montroll model [70]，and the Gaussian disorder model [71]. 
2.4.1 Polaron model 
When a charge carrier hops from one localized site to another, the excess charge 
at the current localized site will cause displacement in position of its surrounding 
molecules. As a result, the charge will not move as a free carrier. Instead, it will drag a 
cloud of deformation surrounding it when it moves. The charge itself and the 
deformation cloud it caused together form a particle called polaron . 
The mechanism of polaron motion includes random, thermally excited motion of 
atom and requires molecular displacement. Detailed study of such motion has been 
done by Emin and Gorham-Bergeron [72]. The main difference between the polaron 
and disorder model is the difference in deformation and disorder energies. The 
polaron model assumes that deformation energy is more significant than disorder 
energy. But disorder model considers that the vibronie coupling or backbone 
deformation of a charge carrier is weak. 
2.4.2 Scher-Montroll model 
The Scher-Montroll formalism [70] was established to explain the anomalous 
transient photocurrent measurement of disordered materials. It was the first successful 
account of dispersive charge transport in these kinds of material. 
In this model, each charge carrier is assumed undergoing a random walk biased 
by the applied electric field in a preferred direction. In an amorphous material, there is 
a dispersion in the separation distances between nearest neighbor localized hopping 
sites and a dispersion in the potential barriers between these sites. Both of these 
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dispersions strongly affect the time between a carrier arrival on successive sites, i.e., 
the hopping time. Hence the distribution of these hopping times would have a long tail. 
Scher and Montroll then proposed a probability distribution function y/{t) which 
controls the entire character of the propagating packet of charge: 
厂(i+“)，0<a<l (2.1) 
This distribution function is different from the traditional Gaussian propagation 
associated with an exponential tail: 
y/{t)又 exp(-Wt) (2.2) 
With the probability distribution function as Eq. (2.1)，a considerable fraction of 
carriers would remain at the point of their formation for a long time. The carriers 
whose local environment at their initial point allows their fast hops will sooner or later 
find themselves immobilized at some site (long hops) [70]. The mean p o s i t i o n � / � o f 
the spatially biased time-evolving packet would no longer vary linearly with time, 
instead 
� / � o c / « (2.3) 
Therefore, the packet is slowing down as time evolves and this suggests that the 
current would decrease even before the first carriers reach the opposite electrode. The 
current was shown to decay as: 
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如） (2.4) 
When a fraction of about 10% of carriers reaches the opposite electrode, there 
would be a fast drop of current which is due to loss of carriers: 
J ( O o c / 制 (2.5) 
The Scher - Montroll model has been widely used to describe dispersive 
transport in disorder materials such as organic semiconductors. 
2.4.3 Gaussian disorder model 
This model was proposed by Bassler and co-workers [71] to describe transport 
in organic materials by considering the effect of both structural and energetic disorder. 
Structural disorder is due to distribution of intermolecular distance, fluctuations in the 
molecular orientation and overlapping of sites i and j. The probability of a hop 
between sites i and j depends exponentially on their separation. Therefore, the 
hopping transport of carriers is considered in a Gaussian distribution of localized 
states. 
Energetic disorder originates from the random distribution of permanent dipoles 
and randomly induced charge fluctuations associated with intermolecular forces. As a 
result, there would be fluctuations to the energy level of sites, causing a distribution of 
localized states. 
The hopping rate between sites i and j is given by the Miller-Abrahams 
formalism: 
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(2.6) 
f , < s (2.7) 
which includes the local electrostatic potential f,. and Sj，and the inter-site distance 
between sites i and j. 
It was shown analytically that carriers relax to an average energy level below the 
mean energy of the Gaussian distribution by-cr^ IkT. Carriers hopping occur among 
the tail states of the Gaussian DOS. Monte Carlo simulations were used to determine 
the transport properties with the assumption that the energies of adjacent sites are 
uncorrelated. The mobility can then be expressed as follow: 
= exp 
// = / / � e x p la- + C((5"2 一 1.52)7^ 
for Z>1.5 
for 5： <1.5 
(2.8) 
(2.9) 
where & - (7IkT，S/V2 is the standard deviation of the Gaussian positional 
distribution, and C is a constant. 
This model is widely used in analyzing the charge transport properties in organic 
semiconductors. The disorder properties of charge transport in different organic 
materials can be studied by fitting out the model parameters. 
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2.5 Metal/organic interfaces 
The band gap of organic material is usually large, ranging from 1.5 to 3.5 eV. 
Therefore, they are essentially insulators and have small intrinsic charge concentration 
at room temperature. In order to make use of these materials for device application, 
we have to create extra charge in them. One simple way to achieve this is to inject 
charge from appropriate contact. In organic devices, it is common to use metal 
electrodes for charge injection. The quality of the metal contact plays an important 
role in controlling the performance of devices. Therefore, there are many works and 
studies focusing on metal/organic interfaces in order to understand the interfacial 




Figure 2.4 the energy diagram of an intrinsic molecular solid. 0亡 and Ip are work 
function, electron affinity and ionization potential respectively 
figure 2.4 shows an energy diagram of a molecular solid. In the diagram, we can 
find HOMO, LUMO, and Fermi level (£f) in the energy gap. E? is situated at about 
the mid-gap of the energy gap to illustrate the fact that the solid we are considering 
now is intrinsic. Vacuum level is the energy level above which electron can escape 
from the solid and is usually taken as a reference or zero level. The energy difference 
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between HOMO and vacuum level is called ionization potential, and that between 
vacuum level and Ey is called work function. The separation between LUMO and 
vacuum level is called electron affinity. 
Before metal and organic solid are brought to form a contact, Figure 2.5(a), their 
vacuum levels are aligned. When they come to a contact, Figure 2.5(b), because of 
charge transfer across the interface, chemical reaction at the junction or some other 
reasons, an interfacial dipolar layer is often formed. This layer will cause a change A 
in the vacuum level across the interface. As a result, all energy levels of the system 
will shift by the same amount A in the same direction. This layer often present in the 
first few monolayer of the organic materials so that charge carrier can easily tunnel 








Figure 2.5 Schematic of an organic-metal interface energy diagram (a) without and (b) 
with an interface dipole A. ^Beand ^bh are the electron and hole barriers and £vac(0) 
and £vac(M) are the organic and metal vacuum levels respectively [77]. 
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The efficiency of charge injection from a metal contact into organic material is 
measured by the injection efficiency rj which is the ratio between the injected current 
JiNj and the maximum current that the organic material can sustain «/SCLC [78]: 
(2.10) 
J SCLC 
rj is equal to 1 when the contact is an ohmic contact and the current is then bulk 
limited, i.e., limited by the properties of the bulk organic film like carrier mobility etc. 




3.1 Sample preparation 
3.1.1 Organic semiconductors used in this thesis 
As discussed in Chapter 2，Section 2.1，there are mainly two types of organic 
semiconductors: small molecules and polymers. Fabricating sample devices using 
polymers involves the technique spin coating to form the organic layer. However, it is 
more difficult to control the organic layer thickness by using this method. Further 
more, some of the solvents used to dissolve polymers may remain in the film as 
impurity and affect the properties and characteristics we want to extract from the 
sample. Besides, since very often solvents used in spin coating are toxic, therefore 
special care and facilities are needed for the process which would increase the risk 
and complexity of the study. On the contrary, thickness of small molecules thin film 
could be more accurately controlled by real time monitoring using thickness quartz 
sensor in the thermal evaporator. Thermal evaporation does not require any solvent so 
that there would be no problems such as solvent contamination and poison handling 
etc. Therefore, the organic semiconductors used for study in this thesis are small 
molecules type such as MTDATA, NPB, Alqs. 
All the organic materials were used as received without further purification. We 
did this for a number of reasons. Firstly, all the materials used were sublimed grade 
with high purity. Second, many groups in the literature used the same sublimed grade 
materials as received without purification and have reported good results [13, 18，107], 
Thirdly, the organic layer thickness required in this study is large (> 800nm) and thus 
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need a large amount of materials for device fabrication. Since purification is a slow 
process, for example, it takes about four to five days to purify enough materials for 
fabricating 300 - 400nm organic layer; hence, purifying such large amount of 
materials will then be very time consuming and unrealistic. Therefore, all the 
materials were purchased from various sources with sublimed grade and were used as 
received. 
3.1.2 Cleaning of substrate 
Sample devices were fabricated on glass or ITO glass substrate. The I丁0 glass 
substrate was cleaned by the following procedures: 
參 Rubbing the surface using cotton rod under DI water to remove large dust 
particles 
• Ultrasonic bath in a water solution of cleansing detergent Decon 90 for 20 
minutes 
• Ultrasonic bath in DI water for 10 minutes 
• Ultrasonic bath in acetone for 10 minutes 
• Ultrasonic bath in isopropanol (IPA) for 15 minutes 
• Blowing dry using flow of dry high purity nitrogen gas 
參 Exposed to oxygen plasma for 1.5 minutes to remove residual solvents and to 
enhance work function of ITO 
3.1.3 Deposition of organic layer 
Organic film was deposited by vacuum thermal evaporation. Organic 
semiconductors in powder form were purchased from various sources. The powder 
was then put into a boat which was then transferred into the thermal evaporator 
chamber. The chamber was then pumped to a vacuum of 4 to 6x10"^ torr before 
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evaporation begin. After the target vacuum was reached, the boat which contains the 
organic materials was heated by the Joule heating. The temperature of the boat was 
controlled by tuning the current passing through it and was monitored by temperature 
sensing feedback system. By controlling the temperature, we could then control the 
evaporation rate. Evaporation rate and the thickness of the organic film were 
monitored in real time using Maxteck thickness monitor TM-200. The schematic 
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3.1.4 Deposition of metal 
Metal contact of sample device was also made by vacuum thermal evaporation 
using similar system as that for deposition of organic film. Shadow mask was used to 
pattern the metal electrode so that the active area of device was defined. The structure 
of a device with ITO bottom contact and aluminum top contact on glass substrate is 
shown in Figure 3.2. 
Aluminum electrodes 
ITO 
Figure 3.2 (a) Structure of sample device (b) cross-section 
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3.2 Electrical characterization methods 
After fabrication of sample devices, they were characterized by various methods 
which include current density-voltage {J-V) measurement, Dark Injection 
Space-Charge-Limited (DI-SCL) transient current measurement, temperature varied 
J -F measurement and admittance spectroscopy. 
3.2.1 Current density - voltage {J-V) measurement 
This is a simple characterization method of electronic devices but very often is 
not trivial to analyze the result. By measuring the voltage dependent current density 
(or current) of a device, we are able to obtain information including charge injection 
properties, charge carrier transport properties and traps effect in the device. There are 
many reports in the literature studying organic electronics using this method [79 - 83]. 
Figure 3.3 shows a typical current density versus voltage response of a trap-free 
organic semiconductor. The solid line represents the bulk - limited current which 
occurs when the contact is ohmic. At low voltages, the current density JQHM varies 
linearly with voltage so that Ohm's law will be observed: 
V 
(3.1) 
where e is the charge of an electron, no is the concentration of mobile carriers per unit 
volume, n is the charge mobility, V is the applied voltage and d is the sample 
thickness. This current is due to the fact that there is non-zero background charge no in 
the material which may come from thermal excitation of electron-hole pairs or 
impurities. At low voltages, when injected carriers is much lower than «o, then current 
will follow Equation (3.1) and so plot of Log J vs Log Fwill give a straight line with 
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Figure 3.3 Bulk-limited (solid line) and injection limited (dashed line) current density 
versus voltage characteristics for a trap-free semiconductor [84]. 
When voltage increases, the number of injected charge will increase and 
eventually become more than the free charge initially present in the material no, 
current then enters the space-charge-limited (SCL) regime and is called the 
space-charge-limited-current (SCLC) which is given by Mott-Gumey law (or Child's 
law) [86]: 
一 9 ^ 
J SCLC 二 ^ ^ ^oMdc 
where e is the dielectric constant of the material, eo is the permittivity of vacuum, //dc 
is the average carrier mobility, V is applied voltage and d is sample thickness. SCLC 
is the maximum possible current density that a depleted, trap-free semiconductor can 
sustain at a given applied voltage. It requires at least one injection contact to be able 
to inject locally higher carrier densities than the material has in thermal equilibrium 
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However in the reality, contacts are not necessary ohmic and may limit the 
charge injection into the device and thus limit the current flowing through it. The 
resulting current is thus smaller in magnitude than that of the bulk-limited SCLC and 
is called injection-limited current Jinj which is depicted with dashed line in Figure 3.3. 
There are many causes accounting for the injection limited current. It can be due to 
metal work function and HOMO/LUMO mis-matching, large energy barrier because 
of significant interface dipoles at the metal/organic interface or some other reasons, 
depending on the mechanism of injection in different specific situations. There are 
many techniques to distinguish between SCLC and injection-limited current. One of 
them makes use of time-of-flight (TOF) technique to measures the injection efficiency 
of the charge injection contact, if the contact is ohmic, its injection efficiency will 
equal (or close to) one [84]. Relatively simpler technique can be the investigation of 
the thickness dependence of the current [81]. For purely injection limited behavior, 
current at a certain electric field has no explicit thickness dependence. 
The SCLC expressed in Equation (3.2) assumes the charge mobility is field 
independent. However, in some organic materials, charge mobilities are field 
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without carrier injection [87]. This means that for SCLC to occur, the injection contact 
has to be ohmic so that there would be enough supply of charges. For a sample with 
ohmic contact and SCLC, its Log J vs Log V plot would show a straight line with 
slope equal to 2，as shown as the solid line in the SCL region in Figure 3.3. The 
voltage Vo in Figure 3.3 is the voltage at which the current changes from ohmic to 
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dependent and follow the so-called Poole-Frenkel (PF) model [88]: 
…c = Kexp(J3yfE� (3.4) 
where fio is the zero field mobility, p is the field-dependent coefficient and E is the 
electric field. With such a field-dependent mobility, the SCLC flowing through a 
trap-free sample no longer follows Equation (3.2) but approximated by [88] 
, 9 0.89. 
V_ 
U ^ (3.5) 
For both cases of field-independent or field-dependent mobilities, trap free JSCL with a 
constant field scales with 
In the above models, we assume the semiconductor under consideration is 
trap-free. In reality, there are inevitably traps in the materials which may come from 
the disorder nature of organic materials, defects or impurities. The presence of traps 
would decrease current because they would capture injected charges and make them 
immobile. In case of discrete trap levels, current would be modified by a factor of 
0 = + n )，where n and tit are the concentration of free and trapped charge 
respectively. In more cases, it is quite often to assume traps in an exponential 
distribution h(E) 
tt 
where T is temperature, H�is the density of traps and Et is the characteristic trap 
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energy. The resulting current is called trap-charge limited current (TCLC) in the form 
[89]: 
^TCLC = N fx^q (1-/) w 
� 2 / + 1) (/+1) y{M) 
w + l； 
(3.7) 
Here, N is the density of state, q is the elementary charge, d is the sample thickness 
and / = Et / kT. From Equation (3.7), traps characteristics like H � a n d Et can be 
extracted by measuring the variable temperature J-V response. More details will be 
discussed in later section in this chapter. 
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Figure 3.4 Current density vs average applied field for a Mg/Alqs/Mg electron only 
device with 300nm thick Alqs layer [90]. 
The effect of the presence of traps may also appear in samples with SCL 
conduction properties. In this case, trap is not the dominant factor for charge transport 
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versus applied field for a Mg/Alqs/Mg device by Kiy et al. [90]. In the figure, there 
are 3 clearly distinguishable regions. At low field (region A), the current is 
proportional to the applied field，corresponding the characteristics of Equation (3.1). 
Between 80 to 400kV/cm (region B)，the current increases rapidly and is proportional 
to about This voltage dependence is much stronger than that of SCLC in both 
Equation (3.2) and (3.5) and can be explained by the presence of trap. The fast 
increase in current in region B is actually due to the onset of carrier injection and trap 
filling. After traps are filled, the current enters region C in which current proportion to 
V^  as predicted by the SCLC in Equation (3.2). Therefore, trap effect can also be 
found in samples with SCL conduction characteristics and SCLC can be observed 
after trap filling is completed. 
In summary, useful information like charge injection process, charge carrier 
transport, trap characteristics and effect of traps in organic devices can be obtained 
simply by measuring their voltage dependent current. There are many models in the 
literature describing the J-V characteristics of different organic materials. It is not 
possible to generalize a unique model which is applicable to different organic 
semiconductors because there will be different behaviors even for the same material if 
the preparation and measurement conditions are different. Thus analysis and 
conclusion should be made according to every particular case but not based on certain 
particular models only. 
37 
Chapter 3 Experimental details 
Dark Injection Space-Charge-Limited (DI-SCL) transient current 
measurement 
This method is similar to the traditional time-of-flight (TOF) method, 
measuring the time taken for charge carriers to transit across the sample. In TOF, 
sample with a configuration of contact / organic film / contact is used. Normally, the 
two contacts are semi-transparent and the organic film to be characterized is thick (> 
3nm) in order to ensure that the photo-generated carriers are mostly at the interface. In 
order to prevent a space charge effect, non-injecting (large carrier injection barrier) 
electrode is usually used. A typical schematic diagram of TOF is shown in Figure 3.5. 
An optical pulse incident on the material through the semitransparent contact will 
create a thin sheet of electron-hole pairs next to that contact and, depending on the 
sign of the applied bias, electrons or holes are driven across the sample. The 
absorption depth of the optical excitation must be small compared to the film 
thickness and the optical pulse duration must be short compared to the transit time of 
the charged carriers across the sample. Low-intensity optical pulses are used so that 
the photo-generated charge carrier density does not significantly perturb the spatially 
uniform electric field in the structure, i.e. the photocurrent is space-charge-free. If an 
electric field is applied across the structure, then determined by the direction of 
electric field, the carriers will start drifting to the opposite electrode. In the ideal case, 
there will be a constant photo-current flowing through the structure which abruptly 
falls to zero as the sheet of carriers reaches the opposite electrode, as shown by the 
solid line in the J-t dependence in Fig. 3.5 (b). However in a real situation, TOF 
transients never have this ideal shape. This is because first of all, there will be a finite 
absorption depth where most of the incident light is absorbed which results in a finite 
thickness of the sheet of charges. Second, much more important effect here is the 
diffusive broadening of the distribution of drifting charges. As a result of these effects, 
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assuming that most of the carriers have similar drift velocities (so called 
non-dispersive transport), the observed TOF signals would have a shape similar to the 
dashed line as shown in Fig. 3.5 (b). In this case, it is still possible to determine the 
average transit time and therefore the mobility. However in many cases, the situation 
is quite different - the photo-generated sheet of carriers all move with a very broad 
distribution of drift velocities, resulting in an almost featureless photocurrent transient, 
such as the dotted line in Fig. 3.5 (b). This type of transient is called dispersive and is 
observed in majority of amorphous organic materials. In order to analyze such 
transients, they are usually plotted as log/ - log t, where a knee, which corresponds to 


















Figure 3.5 (a) Schematic diagram of the time-of-flight experiment and (b) the 
resulting TOF transients. 
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However different from TOF which create charge in the sample by laser pulse, 
DI-SCL transient current measurement method creates charge by charge injection 
from an ohmic contact in the dark, hence the name "dark injection". Figure 3.6 (a) 
shows the schematic diagram of the setup for the measurement A voltage step 
generator was used to inject charge into the sample by applying a voltage pulse to it 
(Figure. 3.6 (b)). The time varying current was detected by the oscilloscope which 
connected across a series resistor R. The oscilloscope was connected to a computer so 
that data of the time evolution of the injected current could be saved. Figure 3.6 (c) 
shows the transient current response of a trap-free insulator with an ideal ohmic 
contact. The current response shows a maximum at foi and then decay to a 
steady-state value JSCLC. The time ^DI corresponds to the arrival of the first carriers to 
the counter electrode of the device. This time is related to the transit time of carrier in 
the sample Ttas: 
toi = 0.786 Tt 
And from /DI，we can find the carrier mobility: 
Aidc= d'^/T^V = 0.786 dVtoiV^ (3.9) 
where V is the applied voltage and d is sample thickness. 
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The ocainrence of larger value of current density than the SCL value JSCLC can 
be explained by the larger electric field at / < 如.When charges start to inject into the 
device from the injection electrode, there is a leading edge of injected charge carriers 
which is moving towards the opposite electrode. As a result, the gap L(t) between the 
leading edge and the opposite electrode is decreasing with time. Since the main part of 
the applied voltage drops across the gap L(t) and so when time evolves, the electric 
field V/L(t) which pulls the leading edge to the opposite electrode is increasing and is 
higher than the average electric field V/d where d is the sample thickness. This higher 
electric field can then cause a higher amount of injected charge and results in a 













Figure 3.6 (a) Schematic diagram of the setup for the DI-SCL transient current 
measurement, (b) The applied voltage pulse (c) DI-SCL transient current of a trap-free 
sample with ohmic contact 
However, in real system, due to the presence of diffusive broadening, finite 
hopping distance, field dependent mobility and traps, it is rare to observe such kind of 
ideal response. Instead, transient current response similar to Figure 3.7 will be 
obtained. Unlike the ideal response in Figure 3.6 (a) which has a current maximum, 
transient current in real case usually has two maximum. The first maximum 
corresponds to the charge up of the diode capacitor which occurs within a short time. 
The second peak corresponds to the peak in the ideal case which occurs at t = ^DI. 
After the second peak, current will decay to a steady-state value and sometimes keeps 
t • 
decreasing slowly at t » t-o\ due to the presence of traps. Trapping can change the 
shape of current transient significantly, the current maximum may even completely 
disappear if the trapping effect is strong. 
In conclusion, DI-SCL transient current measurement is a good method to 
measure the charge mobility in different organic materials and has been widely used 
in the literature [91 - 96]. Because this method require the injection electrode is 
ohmic so that the current maximum at t = fpi can be observed, it provides an 
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alternative way to tell whether a contact is o t o k or not. 
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Figure 3.7 Trap-free space-charge-limited dark injection transient induced by a 
positive voltage step, an arrow indicated the transit time t^  [92]. 
3.2.3 Temperature varied J- V measurement 
As mentioned in Section 3.2.1，for exponentially distributed trap, the resulting 
trap-charge-limted current can be expressed as Equation (3.7), 
Jtclc = N H^q (1-0 
w 〔2/ + 1 ) 
(/+1) yiM) 
u + l J 
(3.7) 
where Ht is the density of traps and Et is the characteristic trap energy, N is the density 
of state, £x is the dielectric constant of the organic material, sq is permittivity of free 
space, T is temperature, d is the sample thickness and I = ExIkT, k is Blotzmann's 
constant. 
In order to obtain information about traps characteristics in organic films, J-V 
measurements at different temperature were made. By plotting log J versus log V’ we 
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can find the slope which equal to / + 1. From the slope and I = ExIkT, Et can then be 
extracted. After that, we can plot In J versus 1000/r which gives slope: 
slope = ———In qH'd 
moxk 2 � r j 
Hi can then be obtained from the values of slope and the extracted Et. 
(3.10) 
3.2.4 Admittance spectroscopy 
Admittance spectroscopy is a powerful technique for characterizing electrical 
properties of materials and devices. It can be used to investigate the dynamics of 
bound or mobile charge in the bulk and interfacial regions of any kind of solids or 
liquid materials like ionic, semiconducting or even insulators [97]. In organic devices, 
it can be used to investigate charge transport properties and relaxation processes. 
Martens et al. first applied this method to single carrier devices in order to determine 
the hole mobility in poly(p-phenylene vinylene) (PPV) [98]. Compared with the 
traditional TOF method, admittance spectroscopy has its advantages. First, TOF 
requires a very thick film (normally > 4-5 ixm) while admittance spectroscopy need 
only thin films (< l^mi). The mobility and charge transport properties obtained by 
admittance spectroscopy will then represent a more realistic scenario because these 
information are extracted from films with thicknesses which are comparable to those 
in real devices. However, for TOF, measurements are conducted on very thick films 
which are not practical used in reality. The information obtained may then have some 
deviation from the real situation in real devices. Besides, fabricating thinner films for 
characterization can reduce the cost, save more energy and is more time saving. 
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Therefore admittance spectroscopy has attracted more and more aUmkm and has 
been widely used for investigation of different properties and issues of organic 
electronics [99 - 104,124 - 126]. 
In this method, a small oscillating ac voltage Vac is applied to the sample and the 
ac current response /ac is monitored. The complex admittance Y is related to the ac 
signals as follows: 
Y= G(a)) + = Gio)) + iajC(cu) (3.11) 
Vac 
where G is conductance, B is susceptance, C is capacitance, o) = Inf is the angular 
frequency,/is frequency. In the SCLC regime, Vac causes injection of charge carriers 
which contribute to the space charge in the device. The time scale for the buildup of 
additional space charge is given by the transit time Tx of- injected carriers. At 
frequencies/< Tt'', the extra injected carriers lead to an additional current which lags 
behind the ac stimulus. Therefore, the phase of the complex admittance Y is reduced 
which means an inductive (negative) contribution to the capacitance. As a result, there 
is a capacitance minimum (or capacitance dip) occurring in the intermediate 
frequency region. It is actually the presence of this capacitance minimum makes the 
evaluation of mobility possible. At higher frequencies, f > 1{\ the period of the 
stimulus Vac is too short for the injected charge carriers to redistribute and reach 
equilibrium. As a result, the inductive contribution to the capacitance will disappear 
and the measured capacitance equals the geometrical value Cgeo = Sr^oA/d. 
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Figure 3.8 Frequency dependent capacitance at different dc bias of an Au / PPV / Cu 
device. The capacitance traces are off-set by 0.5nF for clarity. Finite transit time Tt 
causes inductive effect at low frequencies which decreases the capacitance. At high 
frequencies, capacitance equals to the geometric value [98]. 
After the capacitance minimum, capacitance increases as frequency decreases. 
This can be attributed to the presence of traps in the material. Nguyen et al. have 
investigated the effect of traps to the C-f curve in the low frequency region by 
theoretical numerical simulation [106]. Figure 3.9 shows their simulation results (a) 
without traps and (b) with the presence of traps. Curves (I) are the C-f curves 
excluding the electron contribution; while curves (II) are C-f curves calculated by 
considering that electrons are allowed to flow into the organic device. The main 
difference between Figure 3.9 (a) and (b) is the effect of traps in the low frequency 
region. After the capacitance minimum in the intermediate frequency region, with the 
presence of traps, Figure 3.9 (b), capacitance increases with decreasing frequency. 
This frequency-dependent response originated from the limited ability of traps to 
adapt to the applied ac voltage. For frequencies above certain transition frequency, in 
this c a s e / > 10^ Hz, trap states can not follow the small-signal modulation and thus 
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the traps contribution to the C-f curve disappears [106]. As can be seen from Figure 
3.9 (b), the effect of traps in the C-f curve is the filling of the negative contribution 
due to the transit time effect. Therefore, the trap contribution must not be too 
significant or the valley (capacitance minimum) in the C-f curve would then be 
completely filled and no mobility extraction would be possible 
10'， 10， icr c^r W 
f(Hz) 
10'' 10i 10® 10® 10' 
MHX) 
Figure 3.9 Capacitance C as a function of frequency f for applied voltage Vo = 3, 6, 
and 9V (a) without traps and (b) with traps. Set (I) is related to the case where 
electron contribution is neglected; set (II) considering electrons are allowed to flow 
into the device [106]. 
Because of the disorder nature in organic materials, transit times of individual 
carriers are strongly dispersed As finite transit time of injected carriers causes 
inductive effect to admittance, the distribution of transit times will be reflected in the 
frequency -dependent electrical response of the device. 
Theoretical model has been successfully applied by Martens et al. to hole 
transport in PPV [98]. According to their approach, the time dependent injection of 
space-charge-1 imited current is described by equations: 
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where J(t) is the total current, p{x, t) is the time dependent local hole density and e is 
dielectric constant of the material. Due to the dispersive nature and dispersive 
transport in organic material, the mobility pi is taken as time dependent. An ohmic 
contact is modeled by the boundary condition E(0,t) = 0. For field-independent 
mobility, the steady-state solution of the above equations is given by the Mott-Gumy 
9 厂2 
square law, Jsclc ~ —叫dc • Th® steady-state and time-dependent contribution are 
8 a 
separated by introducing a set of equations: 
E{x,t) = E^{x) + e{x,t) 
(3.14) 
By solving the above equations, gives 
m = qM(Op^e(x, 0 + _ 凡 ^ ^ + s ^ ^ 
dx dt 
(3.15) 
The first term in Eq. (3.15) on the right hand side describes the response of the 
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"backgroimcT' charge density in the device. The second term is the current due to the 
additional time-dependent injected charge-carrier density. The last one comes from 
the effect of dieiectric displacement. After applying Fourier transform to Eq. (3.15) 
and solving it analytically, for field-independent mobility, the complex admittance 7 
is: 
£4 Q^ 
八 Q) = ^  ii{onsji{a)Y (1—, 二綱)+1.5^(Q)Q - in' 口.】^ ) 
where i = V ^， Q = cot^ is the normalized frequency and ^(Q) = /i(Q) / //论 is the 
normalized mobility. 
According to Scher and Montxoll (SM) model, dispersive transport is modeled 
by an algebraically decaying distribution function oc ( 0 < or < 1), for 
waiting time between successive hops. At short times, the average position (/) oc t°o{ 
an injected charge carrier packet is sublinear and the mobility /i oc d{l)/dt decreases 
with time. At long times, when carriers have reached equilibrium, 企 will then 
determine the drift velocity. The slowing down of the carriers is due to a 
frequency-dependent mobility: 
= + (3.17) 
with M a proportionality constant. The frequency-dependence of mobility is due to the 
disorder nature and dispersive transport in organic materials which cause a large 
spread of hopping rates and waiting times of carriers, a and M are measures of 
dispersivity. For non-dispersive transport, a = 1 and M=0. 
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In this thesis, charge transport properties and mobility of organic materials were 
investigated and extracted by admittance spectroscopy. Impedance measurements 
were made by using Hewlett Packard 4284A impedance analyzer with frequency 
range 20 to IMHz. Besides ac signal, different dc biases were superimposed in order 




Charge transport properties in 
single-organic-layer devices 
4.1 Experimental scheme 
Sample devices composed of single-organic-layer sandwiched between ITO and 
metal were fabricated using vacuum thermal evaporation (for more details of sample 
fabrication, see Chapter 3，Section 3.1). The organic materials used were 
4,4',4"-tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine (MTDATA) and 
N,N'^-Di-[(l-naphthyl)-N,N'-diphenyl]-l,r-biphenyl)-4,4'-diamme (NPB). Their 
chemical structures are shown in Figure 4.1. MTDATA was purchased from Syntec 
GmbH while NPB from Kintec. They were used without further purification. The 
devices were fabricated on pre-pattemed ITO glass substrate with ITO as the anode. A 
thin film of aluminum (Al) (about TOnm) was evaporated onto the organic layer 
through shadow mask to form the cathode of the device. For simplicity, the device 
structure is shown again in Figure 4.2. 
(b)NPB 
Figure 4.1 Chemical structures of (a) MTDATA and (b) NPB 
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Figure 4.2 (a) Structure of sample device (b) cross-section 
After samples were made, current density 一 voltage (J-V) measurement, 
temperature varied J-V measurement, dark injection space-charge-limited (DI-SCL) 
transient current measurement and admittance spectroscopy measurement were 
performed. All measurements were made in a vacuum chamber with 10'^  torr base 
pressure. 
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4.2 Experimental results and discussion 
4.2.1 J-V measurements 
4^.1.1 MTDATA 
Due to the small energy difference between the work function of ITO and 
the HOMO of MTDATA, the ITO/MTDATA interface forms an ohmic contact 
[92] for the injection of holes. On the other hand, since there is a large energy 
difference between the： work function of AI (4.3eV) and the LUMO of 
MTDATA <1.9eV), the Al cathode can act as an electron blocking contact and 
only few electrons can be injected into the organic layer. Therefore, the resulting 
single-organic-layer device becomes a so called hole-only device which has 
overall current dominating by the hole carriers. 
Figure 4.3 shows the current density {J-V) characteristic of a device with 
MTDATA 855 nm thick and 70 run Al cathode. The thicknesses of the organic 
film and the metal electrode were measured by alpha-step profilometer. In the 
J -F graph, there are 3 clearly distinguishable regions with different dependence 
of current on voltage. Kity et al. reported similar J- ^ characteristics in thin films 
of tri(8-hydroxyquinorine) aluminum (Alqs) [90]. At low bias voltage (region A), 
the J -F curve has a slope close to one. Current in this region is mainly due to the 
non-zero background charges in the material which come from thermal 
excitation of electron-hole pairs or impurities. After this region, current 
increases rapidly (region B) and is proportional to occurrence of this 
rapid increase is due to the onset of charge injection and trap filling. For trap 
levels located at a single energy, current will have an extremely sharp transition 
at which the current directly switch to the SCLC [81]. In our case, although 
current increases rapidly, the increase is in a more gradual manner. This points 
to a distribution of trap level energies and is what one would expect for small 
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Slope = 0.913 
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Figure 4 3 Log-log plots of J-V characteristics oflTO/ MTDATA (855nm)/ 
Al (70nm). The current density shows three distinct regions with different 
dependence of voltage. 
As mentioned in Chapter 3，SCLC with a field-independent mobility can 
be described by the famous Mott-Gumey law (Eq. (3.2)). However, very often, 
the mobility in organic material is field-dependent and follows the 
Poole-Frenkel model. In this case, the SCLC has to be modified and becomes: 
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molecule organic materials which has a disordered system. The current in this 
region is then trap-charge limited (Eq. (3.7)). After the trap filling region, traps 
are filled. The current enters region C which has voltage dependence close to 2 
for a wide range of biased voltage. 
I ^ 





Applied Bias V叙(V) 
Figure 4.4 The log-log plot of the SCLC region (Region C) of ITO/ MTDATA 
(855nm)/ A1 (70nm). The solid line is the calculated current density according to Eq. 
(4.1) which includes the effect of field dependent mobility. 
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9 
-'scL = g^o>"o exp 0.89 芯 ^ (4.1) 
Figure 4.4 shows the calculated current density according to Eq^ (4.1) using the 
/^ o and p values that give the best fit to the experimental result in the region C (solid 
line). The calculated current density is in good agreement with the experimental result 
which gives ^10= (5.99土0.07)xl(r^ cm^-^s"^ and p = (2.37±0.03)xl0-3 (V/cm)'^ 
respectively. This suggests that after the traps filling (region B), the current 
conduction is space-charge limited (SCL) with field-dependent mobility which 
follows the Poole-Frenkel model. Since the origin of Poole-Frenkel type mobility is 
the hopping mechanism of conductivity and disordered nature of organic material, the 
agreement with Eq. (4.1) also indicates that charge transport in region C is 
characterized by hopping process and disordered nature of the film. 
• Measured J -V of MTDATA 














Applied Bias V j y ) 
Figure 4.5 J-V characteristics of ITO/MTDATA/Al devices with different thickness of 
MTDATA. 
56 
Chapter 4 Charge transport in single-organic-layer devices 
Figure 4.5 shows the log-log plot of J-V characteristics in the region C of 
ITO/MTDATA/Al devices with different thickness of MTDATA. The K curves have 
about the same slope value as the 855nm thick sample except small deviations in the 
lower bias region. This suggests that all samples sustain SCLC and have 
Poole-Frenkel field-dependent mobility. Besides, the current density decreases with 
organic layer thickness. This indicates that the current is not injection-limited, 
otherwise the current would be thickness independent Instead, the current is limited 
by the bulk. This conclusion is consistent with the results obtained so far in which the 
J-V of the device is characterized by traps (region B) and space charges (region C) 
which are both bulk properties. 
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Figure 4.6 J-V characteristics of ITO/MTDATA(855nm)/Al at different temperature in 
the trap-filling region (region B). 
The current in the trap-filling region can be approximated by the trap-charge 
limited current in Eq. (3.7). The slope of log 7 vs log 厂 plot is I +1 and I - Et/kT, 
where Et is the characteristics trap energy. By extracting the slope in the trap-filling 
region, £twas found to be 0.084eV. The trap density Ht can then be extracted from the 
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The observation of traps effect in the J-V di^cteristics of MTDATA in our 
study is different from the literature which reported hole transport in MTDATA to be 
trap-free. Such difference could be explained by the differences of film growth 
conditions which are known to have influences on the properties of organic films 
[105]. In order to investigate the traps characteristic in our device, the 
temperature-varied J-V of ITO/MTDATA(855nm)/Al was measured and is shown 
below: 
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slope of in J v s 1000/rplot (Figure 4.7) and according to Eq. (3.10)，Hx= 3.826x10!^ 
cm-3. Ibe value of trap density is in the range that would give observable effect on 
charge conduction. This gives rise to the trap-filling region (region B) in the J-V 
characteri^ics. However, one should be aware of that the dominant charge transport 
mech肪ism is still SCL with field-dependent mobility because of the good agreement 
of Eq. (4.1) for a wide range of biased voltage after traps are filled (Figure 4.3). 
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4.2.1.2 NPB 
Similar to MTDATA, the ITO(anode)/NPB forms a nearly ohmic contact due to 
the relatively small energy difference between the work function of ITO and the 
HOMO of NPB. The A1 cathode can also act as an electron blocking contact because 
of the large energy difference between the work function of A1 and the LUMO of NPB. 
The resulting ITO / NPB / A1 device is thus a hole-only device which has current 
dominated by the hole current. 
Figure 4.8 shows the J-V characteristic of a ITO / NPB(1500nm) / Al(70nm) 
device. The ; K curve has similar characteristics to that of MTDATA-There are also 3 
clearly distinguishable regions with different voltage dependence. In region A, the 
slope equals to 1.13 and Ohm's law is obeyed. Like the case in MTDATA, current in 
this region originates from the non-zero background charges in the material. After this 
region, when applied bias increases, the current increases rapidly and enters the 
trap-filling region (region B). The increase of current is fast but not abruptly, 
indicating a distribution of trap level energies instead of trap levels located at a single 
energy. The voltage dependence here is which is larger than that in MTDATA. 
Besides, the voltage range of the occurrence of region B of NPB is 0.3V which is 
slightly narrower than that of MTDATA (0.5V). After trap-filling, the current goes 
into region C which has also voltage dependence close to 2 for a wide range of 
applied bias. The similarity of J-V behavior shows that NPB and MTDATA have 
similar charge transport mechanism and properties. 
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Figure 4.8 Log-log plots of J -F characteristics of ITO / NPB (ISOOnm) / A1 (70nm). 
The current density also shows three distinct regions with different dependence of 
voltage: Region A region B ( F ' " ' ) and region C (一“斗).The similar J-V 
behavior shows that NPB basically has similar charge transport mechanism and 
properties as MTDATA. 
Figure 4.9 shows the fit of calculated current density according to Eq. (4.1) to 
the experimental result in the region C (solid line) of NPB. The calculated current 
density is also in good agreement with the experimental result. From the fitting result, 
the zero field mobility fio and field dependent coefficient (3 are obtained as 
(L96士0.006)xl(r^ cmV^s'^ and (5.22±0.01)xl(r3 (V/cm)^^ respectively. Compare 
with MTDATA, pio of NPB is smaller while p is larger. Like the case In MTDATA, the 
agreement of experimental data with the calculated current according Eq. (4.1) 
suggests that current conduction in NPB is space-charge limited (SCL) with 
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Figure 4.9 The log-log plot of the SCLC region of ITO / NPB (ISOOnm) / A1 (70nm). 
The solid line is the calculated current density according to Eq. (4.1) which includes 
the effect of field dependent mobility 
Figure 4.10 shows the log-log plots of J-V characteristic in the region C of 
ITO/NPB/Al devices with different NPB thicknesses. The current density also 
decreases with the thickness of organic layer. This result suggests that the current is 
not injection limited. The ITO/NPB interface did not limited the injection of charges 
into the device. Similar to the case in MTDATA, it is the bulk properties of the 
organic film controlling the charge transport and current characteristic in the device. 
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Poole-Frenkel field-dependent mobility. 
Measured J-V of NPB 
Calculated current density according to Eq (4.1) 
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Figure 4.10 The log-log plot of J-V characteristics of ITO/ NPB/Ai devices with 
different thickness ofNPB. 
The traps characteristic in NPB is also investigated by measuring the 
temperature-varied J-V. The log-log plot of J-V of the devices at different 
temperatures is shown in Figure 4.11. The characteristics trap energy Et is extracted 
from the slope in the trap-filling region which is found to be 0 ^ 8 e V . The trap density 
Ht is obtained from the slope of In Jvs lOOO/Tplot (Figure 4.12) and Eq. (3.10) and is 
equal to 2x10^^ cm'^. The trap density Ht of NPB is smaller than that of MTDATA. 
This is consistent with the narrower trap-filling region in the J-V characteristics of 
NPB device. Besides, Ht is also in the range that would give the observable 
trap-filling region in the J-K plot but the dominant charge transport mechanism is still 
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Figure 4.12 Plot of In J v s 1000/7 at electric field ofl.33xlO^ V/cm. 
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4.2.2 DI-SCL transient current measurement 
The mobilities of the single-organic-layer devices were evaluated by measuring 
the DI-SCL transient currents. The resulting transient current densities of devices 
ITO(anode) / MTDATA (855nm) / Al(cathode) and ITO(anode) / NPB (ISOOnm) / 
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Figure 4.13 Dark-injection SCL transient currents of (a) ITO/ MTDATA (855nm)/A1 
and (b) ITQ/NPB (ISOOnm)/ A1 at voltage step 10 V respectively. Idi denotes the 
transient second maximum which is related to the transit time of carrier by tj^i = 
0.786 Tf 
Both MTDATA and NPB have similar transient current characteristics. At first, 
there is a very narrow peak which is dominated by the charging up of the capacity of 
the sample. Then, a second peak current density occurs which, as mentioned before in 
Chapter 3，is due to the arrival of the charges at the counter electrode. Afterwards, the 
current density decays to a steady-state value. The occurrence of peaks in the transient 
currents of MTDATA and NPB provides convincing evidence that both 
ITO/MTDATA and ITO/NPB injection contacts are ohmic. The position of the second 
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maximum of the transient current is related to the carrier transit time by t ^ = 
0.786 Tt. Mobility is then obtained by [i^c = d^/rtV = 0.786 dV^Di^ • By 
extracting the mobilities at different applied voltage pulses, field dependent hole 
mobilities could be obtained. The results of MTDATA and NPB are shown in Figure 
4.14. TTie solid lines are the fits of the Poole-Frenkel model using 鄉 and p values that 
give the best fit. The experimental results of MTDATA and NPB are both in good 
agreement with the fits. This gives further evidence that the carrier mobility in both 
MTDATA and NPB are Poole-Frenkel field-dependent. From the fitting results, /zo = 
(1.26士0.11)xl0-6 cmV^s-' andyg = (2.07土0.31)xl0-3 (V/cm)'^ for.MTDATA; while 
forNPB, fio= (4.44士0.46)x10-6 cmV's - ' and fi = (7.58±0.42)xl(r3 (V/cm)!� . Both 
fiQ and p of MTDATA are smaller than that of NPB. Compared with the results 
obtained by J-V measurement, the fio and p of MTDATA obtained by DI-SCL 
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Figure 4.14 Field dependent hole mobility obtained by DI-SCL transient current 
measurement of (a) MTDATA and (b) NPB as a function of E^^. The solid line 
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Figure 4.15 Frequency dependent capacitance at different applied dc bias of ITO/ 
MTDATA(855nm)/Al. 
The admittance spectroscopy measurement was performed on hole-only device 
of MTDATA with structure ITO/ MTDATA(855nm)/ A1 using different dc bias. ITO 
was used as the anode while A1 acted as the cathode. Figure 4.15 shows the 
frequency-dependent capacitance at different applied bias Kdc of the device. For all 
voltages, the C-f curves show a plateau with an average capacitance value of 58.2 pF 
at high frequencies. Indeed, this value corresponds to the dielectric or geometrical 
capacitance Cgeo. After the plateau, capacitance decreases and reaches a minimum in 
the intermediate frequency region. When applied dc bias is increased, the position of 
the capacitance minimum shifts to higher frequencies. After the minimum, the 
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capacitance then increases decreasing the frequency in the low frequency region. 
Similar frequency dependent capacitance phenomenon has also been reported in 
PPV by Martens et al.[诉].Later in 2007, a detailed theoretical analysis based on 
numerical simulation of a device with structure containing two electrodes and a hole 
conducting organic material was done and reported by Nguyen et al. [106]，which 
helps to explain the mechanisms of such frequency and voltage dependent capacitance 
behavior. The. most interesting part of the C-f curve is the capacitance minimum in the 
intermediate frequency region which is due to the transit time effect of charge carriers 
in the device. It is actually tiie occurrence of this minimum makes the extraction of 
charge mobility from the C-f curve possible. In our experimental results, the transit 
time effect can be observed clearly (Figure 4.15). For frequencies between 10^  to 
5x10^ Hz, the value of capacitance is smaller than that of the geometrical value. This 
indeed corresponds to the inductive contribution as described in the literature [98]. 
Under non-zero bias voltage,, holes are injected into the device and are relaxed to a 
new equilibrium space charge distribution. The superpositioir of the small-signal 
alternating field Vac to the dc bias causes the modulation of the space charge in the 
device, along time and x-coordinate (in the direction of thickness d), in order to adapt 
to the variations induced by the oscillations. The inductive contribution to the 
capacitance is actually due to this charge redistribution where the period r = I f o f the 
ac signal is longer than the charge carrier transit time tt, which corresponds to the 
duration of a travel from one electrode to the other. The reduction of capacitance (or 
so-called negative variation) with respect to the geometrical value comes from the 
phase lag between the applied ac voltage stimulus and the subsequent relaxation of the 
space charge, and this would lead to the phase lag between the additional current and 
the applied stimulus. Therefore, the carrier transit time effect is indeed due to a 
modulation of the hole charge inside the device. Above the frequency which is of the 
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order of l/rt, the holes no longer respond to the modulating a l l i e d voltage (vac). 
Hence, the capacitance is the geometrical value Cgeo and the C-f curve shows a 
capacitance plateau in the high frequency region. Knowing the value of Cgeo from the 
plateau, one can also evaluate the permittivity 8 of the organic material using the 
relation Cgeo = eeoA/d, where bq is permittivity of free space, A is the area of the device 
and d is the thickness of the organic film. In this case, e = 3.02 for MTDATA. When 
the magnitude of applied dc bias is increased, due to the effect of field-dependent 
mobility, the inability increases too. As a consequence, the carrier transit time reduces 
and the value of l/tt increases which causes the high frequency shift of the position of 
the capacitance minimum in the C-f curves. 
After the capacitance dip in the intermediate frequencies, the capacitance 
increases as the ac frequency decreases. This increase is due to the 
frequency-dependent mobility as described in Section 3.2.4 [98] and the presence of 
traps [106]. According to the simulation by Nguyen et al., the contribution by traps in 
the low frequency range is frequency-dependent which originates from the limited 
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Figure 4.16 Frequency dependent capacitance of ITO/ MTDATA(855iim)/ A1 at 
higher dc bias. With higher bias, the electron contribution could no longer be 
neglected and negative capacitance is observed in the low frequency region ( / < 10^  
Hz). 
Besides the effect of frequency-dependent mobility and traps, electrons would 
also affect the C-f curve behavior in the low frequency region under certain conditions. 
Figure 4.16 shows the C-f curves of the same device under higher dc bias, from 16V 
to 40V. The characteristics of the C-f curves are basically similar to those obtained 
with lower bias (Figure 4.15) except in the low frequency region. In the case under 
higher bias, the capacitance also increases after the minimum in the intermediate 
frequency region until certain frequency in the low frequency range, at which it drops 
quickly and shows negative values as low as -6x10'^ F. This phenomenon is indeed 
due to the electron contribution in the device [106]. Although the device under 
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investigation is-considered as hole-only device, there is non-zero injection of electrons 
from the caihode- Due to the large energy barrier at the electron blocking cathode, the 
number of mmority carrier in the device is negligible. However, when the applied dc 
bias is large, tbe eiectric field in the device becomes strong. This may either decrease 
the energy barrier at the electron blocking electrode or increase the energies of 
electrons at the cathode. In either case or even by other possible mechanisms, the 
amount of injected electrons increases and their effect to the frequency dependent 
capacitance cannot be neglected. The contribution of electrons appears in the low 
frequency region. When electrons are injected into the device, bipolar conduction 
occurs and the additional amount of space charge can be much larger than that in the 
unipolar case due to the mutual compensation of both types of free carriers. As a 
result, due to the transit time effect of space charge, the deviation of capacitance from 
the geometrical values increases in magnitude, giving negative values for the total 
capacitance. The amplitude of the negative variation of the capacitance depends on 
the recombination rate of hole and electron near the cathode. In our case, the 
recombination rate is relatively high because the frequency region where hole transit 






Figure 4.17 Negative differential susceptance -JJ? derived from capacitance data in 
Figure 4.15 as a function of frequency for applied dc voltages between 6V to 14V. 
In order to extract carrier mobilities from the admittance data, the experimental 
negative differential susceptance -AB = - co (C - Cgeo) is plotted and is shown in Figure 
4.17. For each applied voltage Kdc，a maximum in the -AB plot occurs at position 1/T, 
where T is the relaxation time. This maximum shifts to higher frequency as V^ 
increases. Knowing T，one can evaluate the average hole transit time TT using the 
relation tt = kt，where k: is an empirical coefficient. The value of k can be determined 
by computer numerical calculations and is reported in the literature to be about 0.56 
over a wide range of organic materials [107]. After knowing the transit time Tt, hole 
mobility could be obtained by /Zdc = cFktVdc. Using the peak position in the curves 
at different applied voltages, we can subsequently obtained the field-dependent 
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Chapter 4 Charge transport in single-organic-layer devices 
mobility of MTDATA，as illustrated in Figms 4.18. Same as the results from DI-SCL 
transient current measurement, the experimental data obtained from admittance 
spectroscopy could also be fitted by the Pook-Frenkel field-dependent mobility. The 
zero field mobility fio is found to be (6.93 士 0.28) x 10"^  c m V s ' ^ while the 
field-dependent coefficient p = (3.24±(U2)xlO-3 (V/cm)^^. Both jiq and P obtained 
by admittance spectroscopy are the largest comparing with the values obtained by J-V 
measurement and DI-SCL transient current measurement Comparing with the results 
obtained by time-of-flight (TOF) technique reported in the literature, admittance 
spectroscopy gives the closest values of 鄉 but still smaller than the.TOF value; while 
for although the values obtained by the three measurement techniques are close to 
the reported TOF value, DI-SCL transient current measurement gives the closest one. 
The mobility estimated by the three methods is smaller than the published value. This 
could be explained by the differences of device fabrication conditions which would 
affect the mobility [94]. 
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Figure 4.IS Hole mobility in MTDATA obtained by admittance spectroscopy as a 
function of the square root of the applied electric field E. The solid line is the best fit 
line to the experimental data according to the Poole-Frenkel model. 
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Similar to the result of MTDATA, fliere is also a capacitance plateau at high 
frequencies which equals to the geometrical capacitance Cgeo. From Figure 4.19，Cge� 
=34.8 pF, which gives e = 3.2. The hole transit time effect could also be found in the 
C-f curves in the intermediate frequency region where capacitance minimum occurs. 
-75-
32 
10' 10' 10' 10® 
Frequency (Hz) 
Figure 4.19 Frequency dependent capacitance at different applied dc bias of ITO/ 
NPB(1500nm)/Al 
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4.23.2 NPB 
Admittance spectroscopy measurement was also performed on hole-only device 
of NPB with structure ITO / NPB(1500nm) / Al. Again, ITO was used as the anode 
and Al as the cathode. The measured frequency dependent capacitance at different 
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Figure 4.20 Frequency dependent capacitance of ITO / NPB(1500nm) / A1 under high 
dc bias. The effect of the presence of electrons is not as significant as in MTDATA. 
The inductive effect due to the presence of electrons could be also indentified in 
low frequency region. In Figure 4.20 the frequency dependent capacitance of the 
device at high bias is shown. Comparing with MTDATA, the contribution from 
electrons starts at higher voltage, at about 28V. Capacitance begins to drop at lower 
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Chapter 4 Charge transport in single-organic-layer devices 
Therefore in NPB, the alternating voltage also causes the modulation of space charge 
in the device, bringing about the inductive effect and thus giving negative contribution 
to the capacitance. The appearance of the capacitance minimum could then allow one 
to extract the mobility in NPB from the C-f results. 
In the low frequency region, the fact that capacitance increases with decreasing 
frequency after the capacitance minimum indicates the effects of frequency-dependent 
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Chapter 4 Charge transport in single-organic-layer devices 
frequency. This is due lo me fact that electron transit time (or mobility) in NPB is 
even smaller than that in MTDATA. Also, the magnitude of inductive effect due to 
electrons is smaller and increases gradually with bias. This could be attributed to 
higher recombination rate and larger energy barrier at the cathode which subsequently 
lead to fewer electrons in the device. Upon increasing the voltage bias, more and more 
electrons could be injected and thus the amount of total space charge increases. Hence, 
the magnitude of inductive effect increases and capacitance reaches negative values as 
low as -1.2x10-10? at 40V bias. 
The field dependent mobility of NPB could also be extracted by plotting the 
negative differential susceptance -AB as a function of frequency. Figure 4.21 displays 
the -AB calculated from the experimental data in Figure 4.19. Similar to the case of 
MTDATA, a peak could be found for each value of applied bias. From each location 
of the maximums, the relaxation time T at different bias is obtained. Then by using the 
relation Tt = 0.56r, one could evaluate the field dependent mobility in NPB, as shown 
in Figure 4.22. The experimental results are fitted by the Poole-Frenkel model and we 
g e t = (1.01±0.23)X10-5 crnV's'^ and y^  = (8.84士0.75)xl(R3 (V/cm严.Same as 
MTDATA, admittance spectroscopy measurement gives the largest //o and p 
comparing with values obtained by J-Fand DI-SCL transient current measurement. If 
compared with the po and values of NPB reported in the literature, /zo obtained by 
admittance spectroscopy is smaller but yet the closest one among the three methods. 
On the other hand, the p estimated by J - F analysis gives the closest value. The //oand 
P values of MTDATA and NPB obtained by the three characterization methods are 
summarized in Table 4.1. 
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Figure 4.21 Negative differential susceptance -AB calculated from capacitance data in 
Figure 4.19. The applied dc voltages vary from 6V to 18V. 
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Figure 4.22 Field dependent hole mobility in NPB obtained by admittance 
spectroscopy. The solid line is the fitting according to the Poole-Frenkel model. 
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Table 4.1 Summary of \jlo and p values of MTDATA and NPB obtained by J-V， 
DI-SCL transient current measurement, and admittance spectroscopy. 
Characterization method HO ( c m W ) 
MTDATA 
J-V 5.99x10-6 2.37x10-3 
DI-SCL transient 1.26x10-^ 2.07x10-3 
Admittance spectroscopy - 6.93x10-^ 3.24x10'^ 
NPB 
J-V 1.96x10-6 5.22x10-3 
DI-SCL transient 4.44x10-^ 7.58x10-3 
Admittance spectroscopy l.OlxlO-5 8.84x10-3 
4.3 Conclusion 
In this chapter, the charge transport properties of MTDATA and NPB single 
organic-layer devices were investigated using different characterization methods. For 
both MTDATA and NPB, there are non-negligible traps. And the trap density is in a 
range that a trap filling region would appear in their 7-K characteristics. After traps are 
filled, the charge-carrier transport is dominated by space charge limited current with 
field dependent mobility which could be described by Poole-Frenkel model. From the 
results of J-V measurement and DI-SCL transient current measurement, we could 
conclude that the current in MTDATA and NPB is bulk-limited but not 
injection-limited. The occurrence of the second peaks in their DI-SCL transient 
currents indicates that the assumption of ohmic contacts at ITO/MTDATA and 
ITO/NPB interfaces is valid. The frequency dependent capacitance of both materials 
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obtained by admittance spectroscopy was discussed in detail. Basically MTDATA and 
NPB have similar C-f behavior. The occurrence of the capacitance minimum in the 
intermediate frequency region is actually due to the negative contribution caused by 
the modulation of majority carriers. Under low dc bias，the frequency-dependent 
mobility and the presence of traps lead to the increase of capacitance in low frequency 
region. When the bias is high, the effect of electrons could not be neglected. This 
caused rapid decrease and negative values of capacitance. 
The hole mobilities of MTDATA and NPB were measured using SCLC 
measurement, DI-SCL transient current measurement, and admittance spectroscopy. 
Compared with the reported values in the literature, the mobility estimated by 
admittance spectroscopy is the most accurate among the three methods. However, it is 
still smaller than the published values obtained by TOR This could be explained by 
the differences of device fabrication conditions which would affect the mobility. 
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Charge transport properties in 
double-organic-layer devices with 
organic-organic heteroj unction 
5.1 Introduction 
In recent years, the development of high-efficiency organic optoelectronic 
devices, such as OLEDs and organic photovoltaic cells, has attracted considerable 
attention [108 - 109，127 - 130]. Due to many unique and useful properties of 
organic-organic heterojunctions, they become virtually essential to all organic devices 
[110 - 111, 131- 132]. As demonstrated in OLEDs with multilayer structure, the use of 
heterojunctions has proven to be very important. In these OLEDs, different layers 
have different functions, such as hole and electron injection, hole and electron 
blockage, hole and electron transport and high emission. These various layers 
constitute the active part of OLEDs, leading to highly efficient devices. However, 
despite the technological advances with the use of organic heterojunctions, the studies 
and understanding of the effect of organic heterojunction to the charge transport 
properties of the device are still limited. 
In this chapter, the charge transport properties of double-organic-layer devices 
are studied. Devices with organic heterojunctions formed by p-type/p-type materials 
and p-type/n-type materials were fabricated. They were investigated by various 
characterization techniques and the results will be discussed in detail. 
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5.2 Experimental scheme 
Sample devices with structure metal/ organic layer 1/ organic layer II/ metal were 
fabricated. Organic heterojunction is formed at the interface between organic layer L 
and layer II. With different choice of the organic layer I and n, two types of device 
were fabricated. One is a device with structure ITO/MTDATA/NPB/Al. Since both 
MTDATA and NPB are hole transporting (p-type) and the A1 electrode is electron 
blocking, the resulting device is a hole-only device. The other type of device under 
investigation has a structure ITO/MTDATA/Alqs/LiF/Al. Alqa is a famous electron 
transporting and emissive materials. The combination of LiF/Al forms a cathode 
which has low work function and thus facilitates the injection of electrons into Alqs. 
Therefore, this device is basically an OLED which would emit light if sufficient bias 
is applied. All the devices were fabricated on pre-pattemed ITO glass substrate. High 
purity of MTDATA was purchased from Syntech GmbH, NPB from Kintec, Alqs from 
Luminescence Technology Corp. and LiF from Aldrich. They were used without 
further purification. The organic layers, LiF layer and the metal electrode were 
fabricated by vacuum thermal evaporation in a base pressure 4-6x10'^ torr. The A1 
cathode was thermally evaporated through shadow mask in order to define the active 
area of the devices. The schematic structures of both types of devices are shown in 
Figure 5.1. 
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Figure 5.1 Schematic diagrams of the double-organic-layer devices, (a) and (b) show 
the cross-section of the hole-only device and the OLED respectively, (c) is the top 
view of the devices. The area where ITO and A1 electrode overlap defines the active 
area of the devices. 
Current density — voltage {J-V) measurement was performed by Hewlett Packard 
4145B. Admittance spectroscopy was carried by Hewlett Packard 4284A impedance 
analyzer. All measurements were made in a vacuum chamber with 10"^  torr base 
pressure. 
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5.3 Experimental results and discussion 
5.3.1 ITO/MTDATA/NPB/Al device 
In this device, only p-type organic materials are used. The ITO/MTDATA 
junction forms an ohmic contact [92] for the injection of holes. The A1 cathode 
serves as an electron blocking contact due to the large energy difference 
-between the work function of A1 (4.3eV) and the LUMO of NPB( < 2.5eV). 
Therefore, the resulting device is a hole-only device. At the MTDATA/NPB 
interface, an organic-organic heterojunction is formed. Due to the difference in 
HOMO levels of MTDATA (5.1 eV) [92] and NPB (5.4 - 5.6 eV) [112, 113], 
there exits an energy barrier of about 0.3 - 0.5 eV which would impede the hole 
transport across the MTDATA/NPB interface. Figure 5.2 shows the comparison 
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Figure 5.3 Figure 4.3 Log-log plots of J-V characteristics of a device with 
structiu-e ITO/ MTDATA(875nm)/NPB( 140nm)/Al (70nm). 
Figure 5 3 displays the J-V characteristic of a double-layer device in a 
configuration of ITO/ MTDATA/NPB/ Al. Thickness of MTDATA and NPB are 
875nm and 140nm respectively. In the J-K plot, we can find 3 different regions with 
different dependence of current on voltage. In the low bias region (region A), the 
slope of the J-V curve is very small, which is about 0.04. This indicates a weak 
voltage dependence and the current is limited. Since the ITO/MTDATA interface is 
ohmic, it would not limit the current. In fact, it has been shown that the organic 
heterqjunction in the bulk would lead to limitation of device current [114]. The 
limitation actually originates from the formation of energy barrier at the 
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- organic-organic heterojunction 
region A, since the bi® is low and thus the electric field in the device is small, charge 
injected into MTDATA could not overcome the energy barrier at the heterojunction. 
As a result, the current is limited to a small value and shows very weak voltage 
dependence until certain critical "turn on" voltage is reached. Upon the increase of 
applied bias, some of the charge carriers gain enough energy to overcome the energy 
barrier at the heterojunction. The current then begins to increase and J-V enters region 
B. In this region, similar to the case of single-organic-layer device, current density 
increases rapidly with applied bias. The voltage dependence is about This could 
be also attributed to the onset of charge injection and trap filling. After region B, the 
voltage dependence decreases and the slope drops to about 3.02 which is slightly 
larger than 2 for SCLC. The measured current density in region C is fitted by SCLC 
with field-dependent mobility according to: 
, 9 0.89, 
V_ 1 1 
where e is taken as the dielectric constant of the double-layer device, d is the total 
thickness of the device (d = cImtdata + ^^npb). With e = 3.07 and d = 1015 nm, the 
t • • 
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Figure 5.4 The measured J-V in region C of device ITO/ MTDATA (875mn)/ 
NPB(140nm)/ A1 (70nm). The solid line is the calculated current density 
according to Eq. (5.1). 
From the result shown in Figure 5.4，the calculated current agrees well 
with the experimental results in higher bias region. At lower bias, there is a 
small deviation between the calculated and measured current which is believed 
to be caused by the presence of heterojunction. Hence, the current conduction in 
such device could not be simply described by SCLC with field-dependent 
mobility. The fitting result gives 网=(1.57士0.02)xl(r6 cmV'^s'' and ^ = 
(5.09士0.02)x10-3 (V/cm)in respectively. Comparing with the values obtained 
by J-V fitting of single-layer device of MTDATA, pto here is about 4 times 
smaller w h i l e � i s 2 times larger. 
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organic-organic heterojunction 
In order to have a deeper insight into the effect of organic-organic heterojunction 
to the J-V characteristics of double-organic-layer device, the J-V curves of devices 
with different NPB thickness are shown and compared in Figure 5.5(a). 
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Figure 5.5 (a) The J - F characteristics of device with different relative position of the 
MTDATA/NPB heterojunction d:, dx = 0 corresponds to single-layer device of 
MTDATA. (b) The schematic definition of relative position of the organic-organic 
heterojunction dx. It measures the position of the heterojunction relative to the cathode. 
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- organic-organic heterojunction 
All the devices in Figure 5.5(a) have the same ITO/MTDATA/NPB/Al structure. 
They all have the same thickness of MTDATA (875nm). The only difference among 
these devices is the NPB layer thickness which is ranging from 0 to 283 nm. Here, we 
introduce a parameter - relative position dx of the heterojunction, which is defined as 
the ratio: 
d 太= ^npb (5 2) 
^ MTDATA > 
where /^mtdata and Jnpb are the thickness of MTDATA layer and NPB layer 
respectively, dx measures the relative position of the heterojunction in the double-layer 
device from the cathode. The schematic definition of dx is illustrated in Figure 5.5(b). 
To have better comparison, the J-V of a single-organic-layer device of MTDATA is 
also included which corresponds to the device with dx = 0. From Figure 5.5(a), the J-V 
curves possess similar features, all of them shows region A，B and C. However, in the 
presence of heterojunction, the occurrence of region B and C shifts to higher bias 
region. The magnitude of this shift increases with the relative position dx. This could 
be explained by the existence of energy barrier at the MTDATA/NPB heterojunction 
which exerts a suppressing effect on applied bias to the device. This leads to larger 
voltage required for the appearance of certain features in J-V. And the suppression 
becomes stronger and more significant when dx increases. The dependence of the 
onset voltage Vjo of region C (which also corresponds to the voltage where traps are 
filled) on the relative position dx of the heterojunction is plotted in Figure 5.6. One 
should also note that although the energy barrier has a suppression effect on J-V，it 
does not limit the injection of charge. Since the current is dependent on the thickness 
(J decreases with total thickness), the current Is bulk-limited but not injection-limited. 
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Figure 5.6 The relationship between the onset voltage Vjo of the region C and 
the^elative position of the heterojunction. 
Besides J -F measurement, admittance spectroscopy was also performed on 
the double-layer device in order to investigate the effect of heterojunction on 
transport properties. The measured frequency-dependent capacitance of a device 
with dx= 0.141 = 140nm) is shown in Figure 5.7(b) with forward bias 
(ITO as anode and A1 as cathode) and (c) with reverse bias (TTO as cariiode and 
A1 as anode). For comparison, the C-f curve of a single-layer device of 
MTDATA is also displayed in Figure 5.7(a). 
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(c) dx = 0.141 (double organic layer device), reverse bias 
Figure 5.7 Frequency dependent capacitance at different applied dc bias of (a) ITO/ 
MTDATA(875nm)/ A1 K = 0], forward biased and (b) ITO/ MTDATA(875nm)/ 
NPB(140)/ A1 [dx = 0.141]，forward biased (c) reverse biased. 
As can be seen from Figure 5.7 (c), under reverse bias, the C-f curves show no 
capacitance dip, indicating that there is no modulation of space charge in the device. 
This is understandable because with reverse bias, the NPB/Al interface becomes a 
non-ohmic contact due to a large difference between HOMO of NPB and work 
function of Al. As a result, the current flowing through the device is injection-limited 
and thus no space-charge modulation occurs. On the other hand, the capacitance 
increases with decreasing frequency in the low frequency region. This is due to the 
presence of traps which would still make its contribution to the C-f curves even the 
bias is reversed. 
For the forward bias condition (i.e. ITO as anode and Al as cathode), the C-f 
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curves of the double-layer device have the same major features of a single-layer 
device. At high frequency, since holes could not respond fast enough to the 
modulating voltage Vac, the capacitance equals the geometrical value Cgeo and thus a 
capacitance plateau appears. From the Cgeo value obtained in Figure 5.7 <b) and the 
relation Cgeo = ssoAld, one could evaluate the dielectric constant e of this double-layer 
device which is found to be 3.07. In the middle frequency range, capacitance 
minimum occurs. This indicates that the ac field Vac could also cause the modulation 
of space charge in the device and thus giving inductive contribution to the capacitance. 
After the capacitance dip, capacitance increases with decreases in frequency. This is 
again due to the influences of frequency-dependent mobility and the presence of traps. 
Despite the similarity of the main features m the C-f curve, the 
frequency-dependent capacitance of double-layer device has indeed some differences 
from that of a single-layer device. Compare with the single-layer device, the 
occurrence of capacitance minimum is "retarded" to higher bias voltage in 
double-layer device. From Figures 5.7 (a) and (b), the capacitance dip begins to 
appear at Vdc = 4V for single-layer device; while for device with double layers the 
capacitance dip appears at Vdc = 8V. Besides, if compare the capacitance dips at the 
same electric field, the magnitude of the negative deviation from Cgeo is smaller in 
double-layer device. This could be more clearly revealed by plotting the normalized 
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Figure 5.8 The normalized capacitance C/Cgeo as a function of relative position dx. The 
applied field Eo is about 13x10^ V/cm. The capacitance dip's negative deviation from 
Cgeo decreases with dx’ indicating the decrease of inductive effect. 
In all cases, the applied field is about 1.3x10^ V/cm. According to Figure 5.8, 
when dx increases, (i.e. thicker NPB layer and the heterojunction move towards 
deeper in the bulk), the negative deviation from Cgeo decreases, which means that the 
inductive effect is reduced in the device. Indeed, the origin of the "retardation" of the 
occurrence of capacitance dips and reduced inductive effect with dx could be 
explained by a transition from less dispersive transport to a more xKspersive one due 
to the presence of energy barrier at the heterojunction. Figure 5.9 shows the simulated 
results of frequency-dependent capacitance of materials with different degrees of 
dispersion [107]. Curve (a) represents less dispersive transport while curve (c) 
represents the most dispersive transport among the three curves. The capacitance dip 
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Figure 5.9 C-f curves of devices with different degree of dispersive transport. Curve (a) 
is the least dispersive while curve (c) is the most dispersive [107]. 
At MTDATA/NPB interface, heterojunction is formed by the hole injecting 
layer (MTDATA) and hole accepting layer (NPB). The charge injection process across 
an organic-organic heteroj unction has been studied and reported by various group. 
Arkhipov et al have suggested a two-step hopping model to describe the carrier 
transport across an interface separating two disordered organic materials [115]. They 
proposed that for a charge to hop across the junction, it has to overcome the energy 
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of less dispersive device has a larger negative deviation from Cgeo than more 
dispersive device. The inductive effect is reduced if the degree of dispersion increases. 
This is due to 1he fact that dispersive transport causes a broad distribution of carrier 
transit time which would "smear out" the inductive contribution and diminish the 
magnitude of negative deviation. For highly dispersive transport, the capacitance dip 
would even disappear and no capacitance minimum could be observed. 
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transport jumps within either of the two transport layers. Once a carrier has made a 
jump across the interface, it will face two choices: either jump back to the injecting 
layer or jump into the bulk of the accepting layer. If the state available for the carrier 
after the first jump is close to the interface, it will probably jump back into the 
hopping site in the injecting layer. On the contrary, if the target site for an interfacial 
jump is rather far from the interface, it will very probably jump further into the bulk 
of the second layer. However, the model- does not include the energy distribution and 
occupation of carriers at the interface. Later, Woudenbergh et al. modified the model 
to inoJude the charge filling effect of holes in the injecting layer [114]. 
Recently, Tsang et al further modified the existing theory by including the 
energy distribution of carriers at the injecting layer interface and a dynamic energy 
barrier [116], According to their model, when considering carriers jump across the 
interface, the occupancy and energy distribution of holes at the injecting layer side 
have to be included. Also, instead of vacuum level alignment across the junction, they 
proposed the Fermi levels alignment, which is due to interface dipole formation. 
When holes are injected into the device, they will accumulate at the injecting layer 
side of the heterojunction creating a large electric field, which will keep constant 
across the junction. By changing the applied bias and thus the current, the hole 
concentrations will be altered, hence changing the Fermi levels. The schematic 
diagram of this model is displayed in Figure 5.10. 
The result of the above modifications is a variable energy barrier height ^h which 
decreases with the applied bias. The dependence of on applied voltage is explained 
by the occupancy of holes in the interface density of states (DOSs). The barrier height 
^h is equal to the difference of HOMO levels of the two layers. When voltage is 
applied, holes are injected and eventually fill up the available states at the interface. 
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Hence, the concentration of holes, or m other words, the occupancy of holes in the 
interface increases which will shift the position of the Fermi level relative to the 
HOMO level. In the case of increasing hole concentration, the Femi level moves 
towards the HOMO. Since the Fermi levels in two sides of the interface have to align 
(instead of vacuum level alignment), the barrier height ^h is reduced. It is found that 
when the applied voltage varied, the corresponding change of the Fermi level in the 
accepting layer is more rapidly than that in the injecting layer. Therefore, the barrier 
height ^h decreases as voltage increases. 
v^acuum level 
aligr^ ad 
(b) Fermi level 
ailgmd 
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Figure 5.10 A schematic diagram of energy alignment at the heterojunction with (a) 
vacuum level alignment and (b) Fermi level alignment. The energy level bending in 
the injecting layer is due to the holes piling up at the interface [116]. Vacuum 
alignment ignores the effect of the Femi level shift. However, for Fermi level 
alignment, the influence of hole concentration changes would be included and thus 
giving a voltage dependent barrier height. 
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Based on our results in Figure 5.7 and 5.8，it is suggested that the effect of 
energy barrier in double-layer device is to introduce dispersive transport. The origin 
of dispersion could be explained by the presence of heterojunction and its 
corresponding energy barrier. First, charge carrier transport in-organic materials is in a 
hopping manner by jumping between localized sites. The presence of energy barrier at 
the heterojunction would give additional influence on each jump of individual carriers 
to hop across the junction. The situation resembles the effect of impurities in 
inorganic semiconductor which cause scattering of charge carriers. Therefore, the 
distribution of transit time of individual carriers is broadened. When the applied 
voltage increases, the energy barrier height reduces and its influence is diminished. 
• Second, as mentioned earlier, after a carrier makes a jump across the junction, it has 
certain possibility to jump back into a hopping site in the injecting layer. The 
possibility of such "round-trip" jump varies from one carrier to another and thus 
would give a contribution to the broadening of transit time distribution. When the 
applied voltage increases, more charges are injected into the device. The occupancy of 
available states (or hole density) at the injecting layer side of the interface is then 
increased. As a result, the available states for carriers to hop back are reduced and 
therefore the transit time dispersion is decreased. The schematic diagram of dispersive 
transport effect due to the heterojunction is depicted in Figure 5.11. 
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Figure 5.11 
(a) q^a causes additional 
influences on each jump 
of indmdiial carriers that 
hopping across the 
junction. This leads to 
broadening of the transit 
time distribution. 
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‘ Filled States Sbme back jumps now 
become impossibJe due 
to the occupied states 
in the injecting layer 
(c) When bias is 
increased, the occupancy 
of states (or hole density) 
at the injecting layer side 
of the interface iriCTeases-
too. This leads to less 
possible back jump and 
thus decreases the degree 
of dispersion. 
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The foregoing discusskai can be used to explain our experimental results. First 
of all, the origin of the "retarded" occurrence of capacitance minimum in double-layer 
device compare with single-layer (Figure 5.7). At the low bias, due to the effects of 
energy barrier and back jump of carriers at the heterojunction, charge carrier transport 
is dispersive in double-layer device. Hence, the measured data give highly dispersive 
type C-f curves and result in no capacitance minimum. When the applied bias increases, 
the energy barrier height ^h is decreased due to asynchronous shift of the Femi levels 
(with the shift in the accepting layer to b&more rapidly than that in the injecting layer) 
in the injecting and accepting layer. Consequently, the influence of energy barrier and 
back jump of carriers at the interface is reduced and so charge transport becomes less 
dispersive. Capacitance minimum then appears in the measured C-f curves. The 
"retarded" occurrence of capacitance minimum comes from the requirement of larger 
voltage to reduce the influence of the heterojunction to an extent that capacitance 
minimum will appear. 
Similar arguments can be also applied to the observation of reduced inductive 
effect with dx (Figure 5.8). Compare with single-layer device {dx = 0), due to the 
presence of the heterojunction, charge transport in double-layer device is more 
dispersive. Similar to the simulated results in Figure 5.9，the inductive effect in 
double-layer device is "smeared out" and thus the capacitance "minimum becomes 
smaller. The effect of d: to the degree of dispersion can be explained by the 
dependence of barrier height reduction on the interface field strength. As we know, the 
barrier height 识h decreases with the applied voltage. In other words, j9>h<iecreases with 
certain amount when the field at the interface Emt reaches certain intensity. When d j 
increases, this means the accepting layer (NPB layer) thickness increases too. A 
thicker accepting layer would "share" a larger proportion of the average applied 
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electric field Eq = (applied voltage)/(total thickness of the device) and thus the field at 
the interface E\rA is smaller. Therefore, under the same average applied field, the 
device with larger d^ will have a smaller amount of 外 reduction, and as a result 
dispersive transport effect will become more significant. This is consistent with the 
result in Figure 5.8 in which tile magnitude of inductive effect decreases with dx. The 
increase of dispersion with dx can be also reflected from the fact that when dx 
increases, capacitance increases more rapidly with decreasing frequency after- the 
capacitance dip. Therefore, one could roughly estimate the position of a 
heterojunction in a device from the degree of dispersive transport effect in its C-f 
curve. Here we define two parameters: amplitude of inductive effect Uit and 
dispersivity D. is equal to the difference between the capacitance minimum and 
Cgeo, thus measuring the amount of inductive effect. D equals to 1 一 U\c which 
measures the degree of dispersive transport. Both U\t and D in devices with different 
dx can be calculated from the normalized C-f curves in Figure 5.8. The dependence of 
dispersivity D on relative position is plotted and shown in Figure 5.12. As shown in it, 
dispersivity D increases with dx，indicating that in the double-layer device, charge 
transport is more dispersive when the heterojunction locates at deeper position in the 
bulk of the device. Another plot of onset voltage of capacitance minimum occurrence 
(厂Cmino) in C-f curve vs dx is presented in Figure 5.13. We can see FcminO increases 
with dx. Since device with larger dx is more dispersive, a larger FcminO is required to 
reduce the dispersion effect caused by the heterojunction so that a capacitance 
minimum will appear. Therefore, this result is consistent with that is shown in Figure 
5.12. 
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Figure 5.13 A plot of onset voltage of capacitance minimum Fcmino vs Fcmino 
increases with dx due to larger required FcminO for the occurrence of Cmin as dx 
increases. 
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-Figure 5.12 A plot of dispersivity D vs dx. The result shows that charge transport is 
more dispersive when d�increases. 
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Due to the occurrence of capacitance minimum in the C-f curve of the 
double-layer device, one can estimate its charge carrier mobility from the position of 
the capacitance minimum. This frequency position can be observed more clearly by 
plotting the negative differential susceptance -AB = - o) (C - Cgeo) vs f . Figure 5.14 
shows the -AB plot of a double-layer device with d^ = 0.141. The capacitance minima 
in C-f curves now become peaks in the susceptance plots, at different applied bias. 
These peaks occur at the reciprocal of the relaxation time 1/T and the average transit 
time of carrier can be obtained by the relation TT = 0.56T. After knowing the transit 
time, one can then evaluate the carrier mobility. The mobility as a function of the 
square root of the applied electric fidd E is presented in Figure 5.15. The solid line is 
the fit to the experimental data according to the Poole-Frenkel model which gives fiQ = 
(4.54士0.13)xl(r^ cmVs-^ and fi = (3.89±0.07)xl0-3 (V/cm严.The zero field 
mobility is smaller than that of MTDATA and NPB single-layer device obtained by 
similar method, indicating a more dispersive transport in double-layer device. The 
comparison of fiQ and p of single-layer and double-layer devices obtained by 
admittance spectroscopy is presented in Table 5.1. 
Table 5.1 Comparison of and p of single-layer and double-layer devices obtained 
by admittance spectroscopy. 
Materials 鄉(cmV^s-^) 
Single-layer device 
M'lDATA 6.93x10-6 3.24x10-3 
NPB - 1 . 0 1 x 1 0 - 5 8.84x10.3 
Double-layer 
device = 0.141] 
MTDATA/NPB 4.54x10-6 3.89x10-3 
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Figure 5.14 Negative differential susceptance -AB of a double-layer device with dx 
0.141 with applied bias from lOV to 24V. 
260 280 300 320 340 360 380 400 420 
Figure 5.15 Field dependent hole mobility of a double-layer device with dx = 0.141. 
The solid line is the fitting of Poole-Frenkel model. 
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5.3.2 ITO/MTDATA/Alqs/LiF/Al device 
This double-layer device is basically an OLED device. The anode ITO 
forms the Ohmic contact with MTDATA for the injection of holes. For the 
choice of cathode, we need to use a low work function electrode to match the 
small LUMO value (3.1 eV) of Alqs. It is well known that the insertion of a thin 
layer of LiF between Alqs and A1 produces a good electron-injecting contact for 
OLED [117 - 119], It is understood that the chemical reaction involving LiF, A1 
and Alq3 makes the combination of LiF/Al，a cathode with a work function 
about 3 eV. Therefore, a combined cathode of LiF(lnm)/Al(70nm) was used in 
our double-layer device for the injection of electron. As a result, the current 
conduction in the device is bipolar: both hole and electron constitute the device 
current. Recombination of holes and electrons occur at the heterojunction 
interface where they meet. Yellowish green light was emitted from the active 
area of the device (cross-section area of anode and cathode), as shown in Figure 
5.16. The emission of light indicates that recombination of holes and electrons 
has actually occurred. Due to the large difference between majority and 
minority carrier mobility in MTDATA and Alqs, recombination occurs where 
hole and electron meet~at the heterojunction interface. Since MTDATA is not 
emissive but Alqs is, the emission of characteristic color of Alqs indicates 
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Figure 5.17 J-V characteristic of device with structure 
ITO/MTDATA(875nm)/Alq3(100nm)/LiF(lnm)/Al. 
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Figure 5.16 Light emission from our OLED device. The inset shows light emission in 
the dark. 
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The J-V characteristic of a device with configuration of 
ITO/MTDATA(875nm)/ Alq3(100nm)/LiF(lnm)/Al is presented in Figure 5.17. 
The J -F curve has 3 regions in voltage dependence. Although the J-V analysis 
model and arguments used in single carrier device cannot be applied directly to 
this device due to the additional effects of electron-hole pairs recombination and 
bipolar conduction, they can help to find some hints about the charge transport 
process. First, region C dominates the J -F curve for a wide range of bias voltage 
indicates that the mechanism leads to its occurrence dominates the conduction 
process of the device. The slope of region C is found to be 3.68 which is larger 
than that predicted by the Mott-Gumey law (slope = 2). This shows that the 
current can not be described by model of SCLC with field-independent mobility. 
Assume we treat the double-layer device as a two-terminal device with a single 
composite organic layer and ignore the effect of recombination and bipolar 
conduction, the measured current in region C is fitted by Eq. (5.1) and the result 
is displayed in Figure 5.18. The calculated current density agrees well with the 
measured result in the higher bias region. This implies a SCLC with 
field-dependent mobility. However there is considerable deviation of the 
measured current from the calculated value in lower bias region. The deviation 
should be come from the influences of electron-hole recombination and bipolar 
carrier conduction which are excluded in Eq. (5.1). 
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Figure 5.19 Frequency dependent capacitance of the device 
ITO/MTDATA(875nm)/ Alq3(100nm)/LiF(lnm)/Al at different dc bias. 
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Figure 5.18 The region C of measured J-Kin Figure 5.17. The solid line is the 
calculated current density according to Eq. (5.1) 
• Region C of measured J - V 
Calculated current density according to Eq (5.1) 
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In order to have better understanding of the charge transport process in the 
device, the freqii«Ky dependent capacitance was measured at different applied dc bias. 
The result is shown in Figure 5.19. The obtained C-f curves show typical features 
including capacitance plateau in high frequencies and capacitance dip in intermediate 
frequency region. The occurrence of capacitance minimum indicates that the current 
of the device is governed by space-charge effects. This is consistent with the J-V 
analysis above in which the current Is space-charge-limited. However, one has to 
notice that effects of recombination and bipolar conduction have to be taken into 
consideration as well. In the low frequency region, there is a large negative deviation 
of capacitance from Cgeo and negative value of capacitance as low as -3.75x10''° F is 
obtained. This phenomenon can be explained by the contribution of electron to 
inductive effect which is induced by the large amount of space charge (electrons and 
holes) in the device. The inductive contribution due to space charge can be resolved 
more clearly by plotting the negative differential susceptance -AB = - o) (C - Cgeo). 
The -AB calculated from the experimental results in Figure 5.19 is presented in Figure 
5.20. Beside the susceptance maximum in the intermediate frequency region, there are 
also peaks at low frequency. Similar result has been reported by Martens et al who 
had also found two distinct peaks in the -AB plot of a polymer LED (PLED) based on 
single layer of OCiCio-PPV [120]. According to them, the higher frequency peak is 
due to the relaxation of holes while the lower peak reflects the electron transit. In our 
double-layer OLED device, the two observed susceptance peaks can also be explained 
by the similar argument. The frequency positions of the two peaks in fact reveal the 
transit times of hole and electron in the device. The peak in the intermediate 
frequency region is due to the relaxation of hole. On the other hand, the electron peak 
occurs at low frequency, indicating a smaller mobility than that of hole in the device. 
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Besides, the electron susceptance peaks are broader than that of hole. This reflects a 
more dispersive transport of electrons than holes which is consistent with the reported 
dispersive transport of electron in Alqs in the literature [99]. 
10— 
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Figure 5.20 The negative differential susceptance -AB calculated from the 
experimental result in Figure 5.19. 
From the positions of the two susceptance peaks in the -AB plot (I/TH and I/T�) 
and the relation tt = 0.56T, one can estimate the hole and electron mobilities in the 
device. The obtained field-dependent mobility of hole and electron are presented in 
Figure 5.21. 
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Figure 5.21 The field-dependent mobility of (a) hole and (b) electron. The solid line 
the fitting according to the Poole-Frenkel model. 
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Bedi hole and electron mobility can be well described by the Poole-Frenkel 
modeL From the fitting results, we attain the zero-field mobility /zq and 
field-c^?endent coefficient fi of hole and electron: //ob = (4.28土0.74)xl0"^ cm^vV!， 
A = (4.59 士 0.12) XI0-3 (V/cm严；"oe = (2.72 土 0.62) xlO-” c m ^ r V ， p , = 
(2.17土0.06)X10-2 (v/cm)^^. The ^o and ^ values of hole are close to those of our 
MTDATA single-layer device obtained by admittance spectroscopy. Since the hole 
mobility in Alqa is much smaller [81], it is obvious that the obtained /^ oh is not the hole 
mobility in the Alqs layer. Therefore, the extracted hole mobility by this technique 
from a double-layer OLED device is the hole mobility of the p-type layer (MTDATA 
in this case). Similarly, the argument above can be applied to electron mobility and 
‘thus, the extracted 叫 value is the electron mobility in the n-type layer (Alqs). If the 
obtained fzot value compared with that reported in the literature [121], our value is 
about 2 order of magnitude smaller. Since it is well known that charge transport in 
Alqs is dispersive and characterized by the presence of traps, it is not surprising that a 
more amorphous film or a film with more traps due to difference in fabrication 
conditions would lead to a smaller mobility. 
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Figure 5.22 The normalized capacitance C/Cgeo as a function of relative position(i4). 
Finally, we would like to comment on the effect of the relative position- of 
heterojunction in this OLED device. Figure 5.22 shows tiie normalized capacitance as 
a function of frequency of two devices with different relative position dx. While the 
hole capacitance dips occur at similar intermediate frequencies, the drop of 
capacitance in the low frequency region of the device with dx = 0.1 begins at a higher 
frequency than the device with larger dx. This phenomenon can be explained by the 
effect of recombination. In fact, besides the inductive effect due to space charges (i.e., 
electrons), the decrease of capacitance in the low frequency region of an OLED 
device can be also due to electron-hole recombination. Ehrenfreund el al. suggested 
that in addition to the space charge effect, recombination of carriers (in response to a 
srnaH voltage step AV) would lead to an additional recombination current which 
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caused the dropping of capacitance-ai low frequencies [122]. Since the recombination 
does not lead to any susceptance peak, the position of the electron peak in the -AB 
plot will not be affected. For a (kvke wllh smaller dx, the Alqs layer is thinner. This 
means that the total distance for an injected electron to transit from the cathode to the 
heterojunction for recombination is shorter. In other words, the injected electrons at 
the cathode will take a shorter total transit time Tdx to transit from the cathode to the 
heterojunction to recombine with holes. In response to a small AV (which is due to the 
applied ac signal), additional electrons are injected at the cathode. Since dx is smaller 
and thus r^ x is shorter, the additional recombination current due to these additional 
injected charge can response to a higher frequency signal. As a result, the drop of 
capacitance begins at a higher frequency. On the contrary, for a device with larger dx, 
because a thicker Alq3 -layer would lead to a longer id,, hence capacitance begins to 
drop at a lower frequency. 
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5.4 Conclusion 
The charge transport properties and effect of heteroj unction of 
double-organic-layer device are investigated. For a double-layer device formed by 
two p-type materials (ie. MTDATA and NPB), an interfacial energy barrier ^h exists at 
the heterojunction interface due to the HOMO levels mis-match of injecting 
(MTDATA) and accepting layers (NPB). From J-V and C-f analysis, the current 
conduction in this <levice is basically space-charge-limited and thus is bulk-limited. 
The J-V in region C agrees well with the calculated current density according to Eq. 
(5.1), except a small deviation in the lower bias region. The deviation is believed to be 
caused by the existence of energy barrier at the heterqjuncion interface which has to 
be taken into account when the current simulation made. From C-f analysis, it was 
found that the heterojunction would lead to voltage-dependent dispersive charge 
transport in the device. The origins of dispersive transport can be explained by the 
energy barrier height ^h and occupancy of states at the heterojunction. -When the 
applied bias increases, charge transport characteristic is less dispersive due to the 
reduced barrier height 外 and higher occupation of interface states. Furthermore, it 
was also observed that the degree of dispersion increased with the relative position of 
NPB dx of the heterojunction. This could be explained by the less significant increase 
in interfacial field 五int in device with larger dx than that with smaller one. On the other 
hand, due to the occurrence of capacitance minimum in the C-f curve, the carrier 
mobility in the device could be extracted-. The mobility was found to be Poole-Frenkel 
field-dependent. The fitting result gave mo = (4.54士0.13)x 10"^  c m ^ V ^ s a n d p = 
(3.89±0.07)xl(r3 (V/cm严.The obtained values are smaller than that of MTDATA 
and NPB single-layer devices obtained by similar method, indicating a more 
dispersive transport in double-layer device. 
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For double-layer device formed by p-type (MTDATA) and n-type (Alqs) 
materials, it is basically an OLED in which electron-hole recombination occurs at the 
heterojunction. The current conduction is also space-charge-limited with 
field-dependent mobility but influences from recombination and bipolar conduction 
have to be also taken into consideration. 
Frequency-dependent capacitance (C-力 study showed the existence of space 
charge transit time effect in the device. Negative deviation of capacitance from Cgeo 
was observed in the intermediate and low frequency region. In the -AB plot, two 
peaks were observed. While the peak at intermediate frequency corresponds to the 
hole transit time effect, the peak in the low frequency region is due to electron. The 
• extracted hole and electron mobility are also Poole-Frenkel field-dependent and fitting 
results give the zero-field mobility /zo and field-dependent coefficient p of hole and 
electron as /zoh = (4.28 土 0.74)xl0-6 p^ = (4.59 土 0.12)xl(r3 (V/cm)^^ ； //oe = 
(2.72±0.62)xl(ru c m V ^ s ' ' ， = (2.17±0.06)xl0-2 (V/cm严，respectively. The 
obtained hole /^ h and electron /^ e mobility of the double-layer device were found to 
reveal the mobility of majority carriers in the p-type (MTDATA) and n-type (Alqs) 
layer, respectively. However, the values of our hole and electron mobility are both 
smaller than the reported values in the literature. This could be attributed to the 
differences in sample fabrication conditions. 
In addition, the relative position dx of recombination (or heterojunction, 
because recombination occurs near the heterojunction) was found to be related to the 
dropping of capacitance in low frequency region of the C-f curve. Capacitance begins 
to drop at a higher frequency li d,, is smaller. This could be explained by a totai transit 
time effect of injected electron. With different dx, the total transit time x^ for an 
injected charge at the cathode to transit to the junction for recombination to occur is 
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different This hence affects the frequency at which the recombination current could 
respond and thus shifting the starting frequency of the capacitance drop. 
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6.1 Conclusions 
In this thesis, a systemic study of liie electrical properties of organic 
two-terminal devices with sandwich structure metal / organic semiconductor / metal is 
performed. According to the organic layer, the devices under investigation could be 
divided into two types: one with a single organic layer (single-layer device) and the 
other with two different organic layers (double-layer device). 
For single-layer device, the charge transport properties and charge injection 
were investigated using various characterization methods. In both device of MTDATA 
and NPB, the traps density is non-negligible and is in a range that would lead to a trap 
filling region in their J-V characteristics. After traps are filled, the current conduction 
becomes space-charge-limited with Poole-Fr浏kel type field-dependent mobility. 
From the results of DI-SCL transient current measurements, the appearance of the 
second peak manifests the formation of ohmic contact at the ITO/MTDATA and 
ITO/NPB interfaces. By admittance spectroscopy, the relaxation processes of space 
charge in the device could be studied. The modulation of space charge would lead to a 
capacitance minimum in the intermediate frequency region of C-f curve which makes 
the extraction of mobility by this technique possible. Comparing with the reported 
values in the literature, the hole mobility of MTDATA and NPB estimated by 
admittance spectroscopy is the most accurate among the various methods used in this 
thesis. However, the obtained values are still smaller than the published values. This 
could be explained by the differences of device fabrication conditions which would 
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affect the mobility. 
The charge transport properties and effect of heteroj unction of double-layer 
device were also investigated. For device with MTDATA/NPB double layer, the 
current conduction is basically space-charge-limited with field-dependent mobility. It 
is demonstrated that the presence of heteroj unction would lead to dispersive charge 
transport in the device. Due to influences of energy barrier height 识h and occupancy of 
states at the heterojunction, the degree of dispersion is found to increase with applied 
bias and the relative position d^ of the heterojunction. By admittance spectroscopy, the 
obtained / / � a n d p are (4.54 土 0.13)xlCr^ c rnVs '^ and (3.89 土 0.07)x 10-3 
(V/cm)in respectively. The obtained values are smaller than that of MTDATA and 
NPB single-layer devices, indicating a more dispersive hole transport in this 
double-layer device. 
For the OLED device formed by MTDATA / Alqs double layers, current 
conduction is also space-charge-limited with field-dependent mobility. However, 
influences from recombination and bipolar conduction have to be also taken into 
account. Due to bipolar conduction in the device, both hole and electron transit time 
effect could be observed and leads to two susceptance peaks in the -AB plot. This 
makes simultaneously determination of hole and electron mobility possible. The 
obtained zero-field mobility //o and field-dependent coefficient p of hole and electron 
are-//Oh = (4.28士0.74)x 10.6 A = (4.59±0.12)xl0-3 (V/cm)��；/zoe = 
(2.72土0.62)xl0-ii c m W - V， f t = (2.17±0.06)xl(r2 (V/cm)"2. The obtained hole 
and electron mobility are found to reveal the mobility of majority carriers in the 
MTDATA and Alqs layer respectively. The effect of the relative position of 
recombination to the capacitive frequency response of the device is also studied. It is 
demonstrated that capacitance begins to drop at a higher frequency if dx is smaller. 
This could be explained by total transit time effect of injected electron which affects 
-119 -
Chapter 6 Conclusions and future work 
the responding frequency of the recombination current and dius leads to the shifting of 
the capacitance drop in low frequency region of C-f curve. 
6.2 Future work 
The obtained mobility values of MTDATA and NPB single-layer devices 
are smaller than the reported values in the literature. This is expected to be caused by 
the presence of traps and dispersive transport. Techniques like AFM and STM could 
then be used to investigate the effect of lattice structure of the organic film to charge 
transport in the device. Temperature varied, admittance spectroscopy could be also 
performed in order to study the energetic dependence of traps and dispersive transport. 
Sample devices of purified materials could be made as a reference and comparison. 
On the other hand, the yield of NPB sample was found to be low. Lots of them give 
no transit time effect in C-f measurement. However, some of them give the 
capacitance minimum a few days after their fabrication in exposure to the air. This 
could be attributed to the doping effect of oxygen or water by air. Therefore, the 
fabrication conditions (e.g. vacuum level or evaporation rate) and the effect of 
exposure time to air could be further studied to find out the origins of low yield and 
.1 _ 
incapability of showing transit time effect in NPB sample. 
It has been demonstrated that the heterqjunction of a hole-only 
double-layer device would lead to dispersive transport. Recently, a theoretical 
injection model for an organic heterojunction in similar system has been reported 
[116], which could accurately describe the J-V characteristics over a wide range of 
electric fields at various temperatures. Using such model as a basis and incorporating 
the model of admittance spectroscopy，a theoretical model of this double-layer system 
describing its frequency-dependent complex admittance response and behavior could 
- 1 2 0 -
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then be established. With such theoretical model, the transport properties, J-Kand C-f 
characteristics, effect of heterojunction to dispersive transport and effect of the 
relative position of the heterojunction etc, could be studied in more details by 
simulations. 
Similar theoretical model could be also built up for the double-layer OLED 
system. However, the influences of recombination and bipolar conduction have to be 
also taken into consideration. Besides transport properties and effects of 
heterojunction and recombination position, additional outputs from the model such as 
external EL quantum efficiency and luminance should be also included. Since OLED 
devices nowadays commonly consist of multilayer structure which has been proven to 
increase the efficiency，the established model could be further extended to multilayer 
system so that the device properties of commercial OLED could be modeled. As the 
structure and mechanism of OLED is similar to that of-organic solar cells, such model 
could be also applied to organic photovoltaic cells with modifications. 
The transport properties of MTDATA / NPB double-layer device has been 
explained with the help of the heterojunction injection model in reference [116]. In 
such model, there is an important assumption which assumes thermodynamic 
equilibrium across the interface, i.e., Fermi levels alignment across the heterojunction 
interface. However, since there are surface charges at the interface which may cause 
other complication, the Fermi levels on two sides of the junction may not necessary 
align with each other. Therefore, in order to find out whether Fermi levels are aligned 
or not at the heterojunction interface, electronic energy structure characterization 
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